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ABSTRACT 
Horizontal-tube falling-film heat exchangers enjoy wide application because they 
offer superior thermal performance and operate with less fluid charge than conventional 
shell-and-tube or flooded heat exchangers. Recent developments vitiate the heuristic design 
approach of the past, and a clearer grasp of the relevant flow and heat transfer interactions 
is needed. This research is directed at developing a deeper understanding of the falling-film 
; 
mooes, their transitions, and their effect on heat transfer. 
Five different working fluids were used in an experimental apparatus that allowed 
detailed observations of the falling-film flow. Three distinct falling-film patterns were 
observed - the droplet, jet, and sheet modes - along with two transitional patterns - the 
jet-droplet and jet-sheet modes. Jet departure sites were found to exhibit either in-line or 
staggered arrangements, and the free surface shapes of the jets were predicted using a 
si,nplified model of the flow. The effects of fluid properties, flow rate, tube diameter and 
spacing, and vapor shear on the falling-film modes were quantified. The mode transitions 
depended on the Reynolds number based on fJ.lm thickness and a modified Galileo number 
based on the capillary constant This behavior reflected the importance of inertial, viscous, 
surface tension and gravitational effects. Using the experimental results and a dimensional 
analysis, a map for predicting the falling-fJ.lm flow pattern was developed. These unique 
observations, the new flow classifications, and the novel flow regime maps provide the 
clearest and most complete description of the intertube falling-fJ.lm mode to date. 
Heat transfer experiments were conducted with three working fluids for all flow 
patterns. Detailed measurements of the local heat transfer revealed the importance of the 
impingement, development, and jet-interaction regions. For all three modes, the local 
Nusselt number was highest in the flow impingement region. For the sheet mode, small 
axial and large circumferential variations due to flow development were measured. For the 
jet and droplet modes, large axial and circumferential variations in the Nusselt number were 
measured and related to the flow characteristics. New heat transfer correlations were 
developed for each of the flow modes. 
iii 
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1.1 Introduction 
CHAPTERl 
INTRODUCTION AND LITERATURE REVIEW 
Horizontal-tube, falling-fIlm heat exchangers are widely used in the chemical, 
refrigeration, petroleum refining, desalination, and food industries. These heat 
exchangers provide higher heat transfer coefficients and operate with smaller liquid 
inventories than flooded heat exchangers. Furthermore, they offer advantages in dealing 
with liquid distribution, non-condensable gases, fouling, and other problems (Adams, et 
al., 1936, Yundt and Rhinesmith, 1981). In the past, the design of falling-film heat 
exchangers has been based largely on experience, but recent energy and environment 
concerns motivating substantial redesign and wider use of falling-film heat exchangers 
make a heuristic design approach insufficient. A particular design challenge is that there 
is no general method for predicting the flow pattern of the falling liquid fIlm. For the 
falling-film evaporators and condensers used in the refrigeration industry, the flow 
pattern and its role in determining how the liquid falls from upper to lower tubes is 
important in determining the so-called inundation effect (Shklover and Semenov, 1981; 
Kutateladze, 1985; and Marto, 1986). For applications in desalination and chemical 
processing, where sensible heat transfer is more important, the nature of the falling fIlm 
flow has a direct impact on convective heat transfer. Falling-fIlm heat exchangers have 
wide application, and the nature of the falling film is important to their thermal 
performance. 
When a falling liquid fIlm flows from a horizontal tube to another below it, the 
flow may take the form of a sheet, jets, or droplets as shown in Figure 1.1 - this 
characteristic of the flow is referred to as the falling-fIlm mode. When the fIlm flow rate 
is low, the liquid leaves the tube in the droplet mode. If the flow. rate is increased, there is 
a transition from droplets t~ circular jets (a droplet/jet transition). With a further increase 
in the flow rate, the jets merge into a liquid sheet (a jet/sheet transition). If the liquid 
flow rate is then reduced, the liquid sheet may become rivuleted or unstable and return to 
the jet mode (a sheet/jet transition). Finally, a further reduction results in a return to the 
droplet mode (a jet/droplet transition). The flow and heat transfer characteristics are 
different for each of the falling-fIlm modes. 
There has been considerable research directed at heat transfer under the sheet 
mode, with less research directed at heat transfer for jet and droplet modes and few 
studies of the falling film mode transitions. It is the task of this study to develop criteria 
for determining the falling film modes and their transitions, and to understand the heat 
1 
transfer characteristics associated with each falling-film mode. A review of the germane 
literature is presented to place this research project in context. Following the literature 
review, the experimental apparatus and methods are explained in detail in Chapter 2. In 
Chapter 3, experimental studies of the mode transitions and characteristics are presented. 
In Chapter 4, the experimental results of the local heat transfer coefficient distribution for 
each mode are presented, average heat transfer results are discussed, and new heat 
transfer correlations are developed. Conclusions from this research and a discussion of 
its application are given in Chapter 5, along with recommendations for future work. 
1.2 Literature Review 
The scope of this project is necessarily broad, including heat transfer and fluid 
flow in the sheet, jet, and droplet mode, the mode transitions and associated hysteresis, 
and falling fIlm interaction with a flowing vapor. As all three modes occur in falling-film 
evaporators, condensers, and sensible heat exchangers, the literature review will address 
the flow and heat transfer in each mode. First, studies of the sheet mode are discussed 
with respect to condensation, falling-film evaporation, and subcooled heating. Then, the 
essential flow features of the jet and droplet modes are discussed, and the heat transfer for 
those modes is reviewed. Finally, the review is summarized to highlight contradictions 
and gaps in our current understanding of falling film flow and heat transfer. 
1.2.1 Sheet Mode 
A liquid falling on horizontal tubes in the form of a continuous sheet has received 
wide attention in studies of both evaporation and condensation. There have been fewer 
studies of the heating or cooling of a subcooled liquid. In this section, fIlm condensation 
over a horizontal tube is first discussed with a focus on the waviness and inundation of 
condensate in tube bundles. Following that, heat transfer in horizontal-tube falling-film 
evaporators is discussed. Finally, a review of heat transfer to subcooled liquid is 
presented. 
A. Condensation onto Horizontal Tubes 
The earliest analysis of condensation on a horizontal tube was presented by 
Nusselt (1916). He considered laminar film condensation onto a horizontal tube from a 
quiescent pure saturated vapor and assumed that the flow was governed by gravity and 
viscous forces. Vapor shear was neglected, and the temperature difference between the 
wall and the vapor was considered constant. The following equation resulted: 
2 
(1.1) 
An alternative fonn is (Bunneister, 1983) 
(1.2) 
In the above equation, the bracketed tenn on the left-hand side is a length scale frequently 
used as a characteristic dimension in fllm flows. The tenn in brackets on the right-hand 
side is defmed as the fllm Reynolds number, where r refers to the total film flow rate per 
length of tube. Therefore, Equation (1.1) can be written as 
Nu= 1.2Re-l (1.3) 
For tube bundles, Nusselt assumed that the conditions of condensation differed 
little from those on a single horizontal tube. All condensate from a given tube drained as 
a continuous laminar sheet directly onto the top of the tube below it (See Figure 1.1(c». 
However, Nusselt's analysis accounted for the fact that the drainage of condensate 
increases the thickness of the condensate film on lower tubes. The average heat transfer 
coefficient for a vertical row of N tubes, lIN, compared to the coefficient for the top tube, 
hJ was found to be 
(1.4) 
Numerous improvements to Nusselt's model have been proposed. Those 
correcting for liquid inundation in tube bundles are of particular interest to the present 
study. 
Condensate inundation can become important in tube bundles. It was found that 
calculations based on the Nusselt theory significantly underestimated the actual transfer 
coefficient (Kern, 1958, Shklover and Semenov, 1981). The reason for this under-
estimation was believed partly due to the fonn (or mode) of condensate drainage. All 
three falling-film modes have been observed in the condensate drainage (Kutateladze, et 
al., 1985; Honda et al., 1991; and Marto, 1986). The local heat transfer conditions were 
considered to be significantly modified by the discrete nature of the jets and the droplets 
causing disturbances in the condensate fllm. 
Most models accounting for liquid inundation are greatly simplified. Kern (1958) 
assumed the condensate did not drain as a continuous sheet, but drained as droplets or 
3 
continuous streams Gets), generating ripples on the fllm. A less conservative equation 
based on an empirical correction factor was proposed as: 
~ =N-* 
hi 
(1.5) 
A small correction to Equation (1.3) was proposed by Chen (1961), to account for 
the momentum gained by the falling condensate and additional condensation on the 
subcooled condensate sheet between tubes. Both of these effects depend on the falling-
flhnmodes. 
Fujii (1983) proposed two models to correct Nusselt's solution due to condensate 
inundation. Both of his models assumed that part of the condensate impinging on the 
second tube spread axially, and the remaining part flowed circumferentially to the bottom 
of the tube without affecting thickness of the liquid fllm. Condensate flow from the 
second tube onto the third tube was determined by the combined circumferential flow of 
inundation and new condensate added by the second tube. This scheme was continued 
for tubes lower in the bundle. Obviously, Fujii's model relies on knowledge of the mode 
of the falling fllm. 
Nicol et al. (1988) divided the flowing liquid film into four regions: 
hydrodynamic developing and developed regions, and thermally developing and 
developed regions. They considered inundation effects by modifying the developing 
region model to account for the momentum flux from tubes higher in the bundle. Their 
predictions of heat transfer were consistently higher than Nusselt's predictions. 
According to Marto (1986) who reviewed a number of studies, data from 
condensation on tube bundles are highly inconsistent. Comparing condensate inundation 
models is difficult because of these inconsistencies in experimental results. The 
disagreement has been partially attributed to the coupled effects of vapor shear and 
condensate inundation, and the mechanisms through which each contributes to the heat 
transfer behavior remain unclear. A deeper understanding of these effects will help in the 
interpretation of experimental results and in the prediction of bundle performance. 
B. Evaporation from Horizontal Tubes 
Early studies of horizontal-tube, falling-fllm evaporators were motivated by 
applications in sea water desalination. Evaporative heat transfer under different flow 
rates, heat fluxes, and liquid saturation temperatures was studied by Fletcher et al. (1975). 
Heat transfer coefficients were found to increase with increasing flow rate, heat flux, or 
saturation temperature. 
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Liu (1975) conducted experiments using water as the working fluid. He found the 
evaporative heat transfer coefficient to depend on the feed-water temperature and tube 
spacing, but to be independent of flow rate, heat flux, and tube diameter. 
Danilova et al. (1976) studied falling films of refrigerants on horizontal tubes and 
found that the evaporative heat transfer coefficient varied considerably with tube spacing, 
and was independent of liquid feeding temperature. A correlation of the experimental 
data was given as follows: 
1 ~M 
Nu = Ii .( vl)3 = 0.03 ReO.22[ q" (vl)t] prO.32(S+ d)0.48 (1.6) 
kl g hfgPgVl g d 
for 0.5 S q" S 25 kW / m2 and 135 S Re S 2500. 
In the late seventies, the proposed use of horizontal-tube falling films in ocean 
thermal energy conversion motivated several studies. Conti (1978) studied horizontal-
tube ammonia evaporators and concluded that heat transfer was fairly insensitive to the 
liquid flow rate over a wide range of Reynolds numbers (between 109 and 5440). Heat 
flux had a small but detectable effect in the direction of increasing conductance with 
increasing flux. Owens (1978) presented empirically based correlations obtained from 
his ammonia evaporation data and Liu's water data, as 
Nu = 2.2(s/dl.1 Re-1/3 (laminar flow) (1. 7) 
Nu = 0.185(s/dl.1 Pr°.s (turbulent flow) (1.8) 
The transition from laminar to turbulent flow was observed at a Reynolds number of 
about 1000. The correlations predict an increasing heat transfer coefficient with 
increasing tube spacing for both laminar and turbulent flow. The heat transfer coefficient 
decreased with increasing Reynolds number for laminar flow and was independent of 
Reynolds number for turbulent flow. 
Local heat transfer behavior for both nonboiling and boiling falling films was 
reported by Parken et al. (1990). For nonboiling conditions, average heat transfer 
coefficients increased with increasing feed-water temperature and flow rate, and were not 
affected by wall heat flux. For boiling conditions, average heat transfer coefficients 
increased with increasing feed-water temperature and wall heat flux, and increased 
slightly with increasing flow rate. 
Numerical analyses have also been performed by several researchers. In 
modeling horizontal-tube falling-film evaporators, the lack of a criterion for determining 
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the falling-film mode has made it necessary to assume that the liquid falls in a two-
dimensional sheet mode. 
Chyu and Bergles (1987) investigated falling-film evaporation both analytically 
and experimentally. The liquid film on the tube was divided into three regions: a jet 
impingement region, thermal developing region where most of the heat transfer went into 
superheating the liquid film, and fully developed region which was characterized by 
evaporation at the free surface of the film. The heat transfer coefficient was found to 
decrease with increasing Reynolds number in the laminar flow regime (Reynolds number 
less than about 1450Pr-1.06 ), and increase with Reynolds number in the turbulent regime. 
When the heat flux was high enough to initiate nucleate boiling, the heat transfer 
coefficient was found to be independent of Reynolds number. Liquid feeding height 
(tube spacing) had little effect on the heat transfer. 
Kocamustafaogullari and Chen (1988) also conducted numerical studies of 
evaporation on horizontal tubes. Laminar flow, with negligible interfacial shear stress, 
pressure gradient, and surface tension was assumed in the model. The velocity of the 
liquid falling onto the tube was assumed to be the free falling speed determined by the 
tube spacing. The empirically based equation developed by Zazuli (see Kutateladze, 
1963) was used to correct the heat transfer coefficient for waviness: 
hwavy = 0.687 Re0.l l 
hlaminar 
(1.9) 
Their results showed that the heat flux had no influence on the heat transfer coefficient. 
An increase in saturation temperature or a decrease in tube diameter resulted in an 
increase in the heat transfer coefficient. The heat transfer coefficient was found to 
decrease with Reynolds number for low Reynolds numbers and increase with Reynolds 
number for higher Reynolds numbers. At low Reynolds numbers, the heat transfer is 
dominated by conduction, an increase in the Reynolds number increased the film 
thickness, and hence the heat transfer resistance. At high Reynolds numbers, the heat 
transfer is dominated by convection, increasing Reynolds number enhanced the 
convection heat transfer. 
Sarma and Saibabu (1992) performed an analytical study of falling film 
evaporation on a horizontal tube for the case of constant heat flux condition imposed at 
the inside wall. The heat transfer coefficient was found to be governed by the following 
correlation: 
( 3)~.05g1 Nu = 0.659 Re -0.109 g;; PrO.332 (1.10) 
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The term in brackets on the right hand side is the Archimedes number based on tube 
radius. The above equation is valid for 100 < Re < 750, 105 < Ar < 108, 1. 5 < Pr < 5.0. 
c. Heat Transfer to a Subcooled Liquid 
Experimental studies of heat transfer to a subcooled liquid were conducted by a 
number of authors. Semas (1979) correlated Parken's (1975) experimental data for the 
heating of subcooled water with a heat flux from 47 to 79 kW / m2 and gave 
Nu = C Reo.'lA PrO.66 for 1150 ~ Re ~ 6000 (1.11) 
No dependence of heat transfer coefficient on heat flux was found. The coefficient C was 
0.01925 for a 25 mm diameter tube, and 0.01729 for a 50 mm diameter tube. An increase 
in heat transfer coefficient with a decrease in tube diameter was implied. 
A correlation developed by Gimbutis (1975) for heat transfer to a subcooled fllm 
in a vertical bank of horizontal tubes was recommended by Ganic (1984). For Re=30-
5000, the correlation takes the form: 
Nu = 0.39 Re0.21 pr036 ( g$ f.l2 ( :~ )"25 (1.12) 
In the above equation, Pr w is the Prandtl number at the wall temperature. 
Mitrovic (1986) studied heat transfer to a subcooled film on horizontal tubes with 
a focus on the effects of tube spacing. Heat transfer coefficients were found to depend on 
not only on the Reynolds number, but also on the tube spacing and on the flow pattern. 
Tube spacing was found to have an insignificant effect on the heat transfer coefficients 
for Reynolds number greater than 160. A consistent increase of heat transfer coefficient 
was reported for an increase of liquid flow rate. An empirical relation for the heat 
transfer coefficient was given for water: 
Nu = 1.374.10-2 ReO.349 PrO.5 f3 (1.13) 
with 
(1 + sId l.158 f3=--~--~~~~ 
1 +exp(-3.2 .10-3 Re1.32) (1.14) 
for 160 ~ Re < 560. 
Rogers and Goindi (1989) performed an experimental study with a large tube (132 
mm diameter) and concluded that laminar fllm conditions occurred for film Reynolds 
numbers up to about 2000. Local measurements showed that the heat transfer 
coefficients were initially high, decreased to a minimum between 30 and 60 deg, 
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increased to a maximum around 90 deg, decreased to another minimum around 150 deg, 
and finally increased near the bottom of the tube. 
Integral methods for solving the governing laminar boundary layer equations have 
been used in analyses of the heat transfer to a subcooled falling film (Solan and Zfati, 
1974; and Rogers, 1981). 
In the analysis by Solan and Zfati (1974), the stagnation region was neglected. 
The liquid film was divided into two regions, the initial region in which the thermal 
boundary layer was thinner than the liquid film and the main region in which the whole 
film constituted a thermal boundary layer thickness. The governing equations were 
solved numerically. Tube diameter was found to have a significant effect with larger heat 
transfer coefficients for smaller tubes. Heat transfer coefficients increased with Reynolds 
number at small Reynolds numbers and decreased slightly at high Reynolds numbers. 
A similar analysis of heat transfer from a horizontal cylinder to a falling film was 
performed by Rogers (1981). The liquid fIlm on the tube was divided into a developing 
thermal boundary layer region and a fully-developed thermal boundary layer region. The 
developing thermal boundary layer region started at the upper stagnation point and 
continued with angular position until the boundary layer intersected the outer surface of 
the film. The developed thermal boundary layer region covered the rest of the tube. The 
local heat transfer coefficient in the developing thermal boundary layer region was given 
as 
lui = 0.831Ret gp d Prt smt/J ( 23Jf (. Jt k p.2 P( t/J) (1.15) 
; 
P( t/J) = J (sint/J)t dt/J (1.16) 
o 
The first bracketed term on the right hand side of Equation (1.15) is the Archimedes 
number based on tube diameter. For the developed thermal boundary layer region, the 
following equation was proposed: 
(1.17) 
where the extent of thermal boundary layer development region t/Jd was given by 
(1.18) 
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1.2.2 Jet and Droplet Modes 
A. Flow Characteristics of the Jet and Droplet Modes 
When a liquid falls in the form of jets or droplets, these jets or droplets fall from 
sites which are spaced at a fixed distance from each other (See Figure 1. 1 (a) and (b». To 
explain this fact, the results obtained by analyzing the development of waves at the 
boundary between two fluids with different densities (the Taylor instability) are applied. 
A Taylor instability occurs when a heavier fluid is on top of a lighter fluid. For 
the situation of interest here, one fluid is a liquid and the other a gas. If both fluids are 
inviscid and incompressible, the critical wavelength - the shortest disturbance that could 
be unstable is (Bellman and Pennington, 1954): 
A=2n~ 
c ~ g(PI-PgJ (1.19) 
The wavelength at which disturbances grow most rapidly is called the most 
dangerous wavelength, A.d' By setting the derivative of the disturbance growth rate to be 
zero, Bellman and Pennington (1954) showed that 
(1.20) 
Because of its rapid growth rate, disturbances with the most dangerous wavelength are 
expected to occur most often in practice. 
The Taylor instability wavelength received wide attention after Zuber (1958) used 
the idea to develop a hydrodynamic theory for predicting the maximum heat flux in fllm 
boiling. In his study, the characteristic dimension of the vapor bubbles formed at the 
liquid-vapor interface during film boiling was predicted by the Taylor instability 
wavelength. Lienhard and Wong (1964) studied the spacing of bubble detachment sites 
for film boiling on a cylindrical heater and modified linear Taylor instability theory to 
account for the transverse curvature of the heater. They gave the critical wavelength and 
the most dangerous wavelength as 
2n .M Ac = I ' Ad = Acv3 
Vg(Pl- PgJ/u+ 1/2r; 
(1.21) 
An increase in A. with an increase in tube diameter is indicated. Experiments using 
benzene and isopropanol with heater diameters ranging from 0.0254 mm to 0.645 mm 
were conducted. The dominant wavelength in the experiment was about 25 percent 
higher than the predicted most dangerous wavelength. 
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Maron-Moalem et al. (1978) studied dripping between vertically adjacent 
horizontal tubes as a function of liquid mass flow rate, surface tension, tube diameter, and 
tube location. They measured the distance between two droplet producing sites and the 
droplet departure frequency. The droplet spacing, A, was found to increase with 
increasing droplet departure frequency, tube spacing, and tube diameter. 
Ganic and Roppo (1980) noticed that for a liquid falling in the jet mode, the 
spacing between the jets was lower than predicted by the Taylor instability wavelength. 
Neither liquid flow rate nor tube spacing had an effect on the spacing between the jets. 
Yung et al. (1980) concluded that for low viscosity liquids like water, ethyl 
alcohol and ammonia, the instability wavelength most likely to appear at the interface had 
a wavelength given by 
A. =2,,~n<1 
p,g 
(1.22) 
where, n=2 if the liquid layer was thin, and n=3 if the liquid layer was thick. In the case 
of a liquid around a horizontal tube, Yung et al. found n=2 to best fit the experimental 
data. For high viscosity liquids like silicone oil, the spacing tends to be larger (Taghavi-
Tafreshi and Dhir, 1980). 
Experiments conducted by Dhir and Taghavi (1981) in studying hydrodynamic 
transitions during dripping of a liquid from the underside of a horizontal tube showed that 
for a dimensionless radius r; (r; = r 0 I a, a = " a I pg is the capillary constant) less than 
2, the jet or droplet spacing depended on tube radius and increased with r;. This result 
agrees with the prediction of Lienhard and Wong (1964). 
Tang et al. (1991) studied the Taylor instability wavelength for falling-fllm flows 
over horizontal tubes and accounted for viscous effects in addition to surface curvature. 
A mathematical model following Taghavi and Dhir (1980) was developed. Numerical 
results from this model showed that the most dangerous wavelength of the Taylor 
instability increased with increasing tube radius. For a dimensionless tube radius r; 
greater than 4.0, the instability wavelength became insensitive to tube radius. 
Li and Harris (1993) stated that the analysis by Lienhard and Wong (1964) was 
oversimplified. They introduced velocity potentials of the fluid in cylindrical coordinates 
and obtained: 
M *1.491 A~ = 2.16+v3· 0. 467ro A* 
1 + 0.467r ;1.491 c 
(1.23) 
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In the above equation, A~ = Ad / a and A; = Ac/a were the dimensionless most 
dangerous and critical wavelengths based on the capillary constant, respectively. The 
dimensionless critical wavelength was given by: 
(1.24) 
The results showed that the most dangerous wavelength became insensitive to the tube 
size for dimensionless tube radii larger than 2. The capillary constant, a, for water is 
2.69 mm. Using the above formula, for a tube radius of 8 mm, the most dangerous wave 
length is calculated to be 29.7 mm. Equation (1.24) predicts a higher A. than the 
prediction given by Lienhard and Wong (1964). 
B. Heat Transfer of Jet and Droplet Modes 
According to a recent comprehensive literature review by Gonzalez et al. (1993), 
there have been few heat transfer studies of falling fIlms in the low Reynolds number 
range where the jet and droplet modes exist. The flow is more complex. in these modes, 
and modeling is difficult. 
Sideman et al. (1978) conducted falling-film mass transfer experiments which 
indicated that dripping between tubes enhanced the transfer rate by a factor of two as 
compared to sheet flow. The flow rate had a small effect on the mass transfer coefficient 
with Re in the range of 100 to 600. 
During a study of the breakdown of a subcooled falling liquid film on a horizontal 
cylinder (Ganic and Roppo, 1980), the average heat transfer coefficient was found to 
increase almost linearly with liquid film Reynolds number in the range of Reynolds 
number from 50 to 200. Tube spacing and liquid inlet temperature did not present 
significant effects on the heat transfer. A similar study was performed by Przulj and 
Ganic (1990), the effect of non-uniform heat flux on the falling-film heat transfer was 
taken into account by solving the heat conduction equation of the tube wall. However, 
despite the highly 3-dimensional flow structure in the jet and droplet modes, a two 
dimensional model was used in their analysis. 
In Mitrovic's study (1986) of the tube spacing effect, the Reynolds number range 
covered both the jet mode and sheet mode. However, for the jet mode, only two 
thermocouples were used. One was placed at the crest, where two jets merged between 
jet impingement regions. The other thermocouple was placed in a valley, the thinnest 
region of the fIlm near a jet impingement (See Figure 1.1). It was found that for the 
upper half of the cylinder ( 0-90 deg) the local heat transfer coefficients were higher in 
11 
the crest region, and for the lower half of the cylinder the local heat transfer coefficients 
were lower in the crest region than in the valley region. 
Numerical simulation of the spreading of falling droplets on a horizontal tube 
from a single site with coupled heat and mass transfer were performed by Wassenaar et 
al. (1986a, 1986b). A film fed by droplets had a much lower film thickness and lower 
spreading velocity. Film thickness was assumed uniform in the longitudinal direction. 
The jet mode heat transfer may be easily related to jet impingement heat transfer 
due to similarities of the flows. While there have been numerous studies of the heat 
transfer due to circular liquid or gas jets impinging on a surface, most of these studies 
focused on a single jet impinging onto a flat surface (Jambunathan et al., 1992) where the 
local heat transfer is characterized by a high heat transfer coefficient in the impingement 
region. Comparatively little has been done on the interaction of multiple jets. Recent 
published papers by Slayzak: et al. (1994a, 1994b) revealed the effects of interactions 
between neighboring free surface jets (circular and planar) on local heat transfer. It was 
shown that the interaction zone created by opposing jets from adjacent rows is 
characterized by an up-welling of spent flow (an interaction fountain) for which local 
coefficients can approach those of the impingement zones. In all the studies of jet 
impingement heat transfer, the jets issue from fixed-size nozzles at very high velocities 
with discharging Reynolds numbers on the order of 20,000. However, in falling-film 
systems, jets flow onto the tube with a free fall velocity and a Reynolds number on the 
order of 200. The spacing between the jets is governed mainly by the fluid properties. 
From the above, it can be seen that the three falling-film modes are different in 
flow characteristics and heat transfer behavior. It is important to know when to expect a 
certain mode and when the transition from one mode to the other occurs. A review of 
relevant work in this respect is presented below. 
1.2.3 Transition of the Falling-Film Modes 
Yung et al. (1980) correlated the liquid mass flow rate to the droplet size at the 
jet/droplet transition by setting the droplet production frequency equal to the capillary 
wave oscillation frequency at the interface. A dependence of the transition flow rate on 
surface tension was shown 
(1.25) 
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in which r was the mass flow rate at the jet/droplet transition, A. was the stability 
wavelength on horizontal tubes given by Equation (1.23), and dp was the diameter of 
primary drops, correlated as: 
(1.26) 
where, C1 is an empirical constant equal to 3.0 for water and alcohol. The prediction of 
the droplet/jet transition flow rates was found to agree with experimental data within 10 
percent. However, the experiment was very much simplified; it consisted of a single tube 
with a single droplet (or jet) generation site. 
Dhir and Taghavi (1981) studied the transitions among the falling-film modes 
using glycerol, ethylene glycol, and silicone oil. They found the transitions to be 
independent of fluid thermophysical properties, but solely dependent on the liquid 
volume flow rate. The droplet/jet and jet/droplet transitions occurred at about the same 
volume flow rate while increasing or decreasing the flow rate. However, the flow rate at 
a jet/sheet transition was about twice the flow rate at a sheet/jet transition. These results 
indicated the existence of hysteresis for that mode transition. 
In a study of film condensation from a stationary vapor on horizontal tube banks, 
Kutateladze et al. (1985) suggested that the transition from one mode to the other was 
governed by Archimedes number based on the capillary constant. 
Re = f{Ar) (1.27) 
3 
where Ar = at. However, no functional forms or transition data were provided. 
p.g 
Honda et al. (1987) investigated the flow characteristics of condensate on a 
vertical column of horizontal low finned tubes using R-I13, methanol, and normal 
propanol. A dimensionless number K based on dimensional analysis was predicted to 
govern the mode transitions. 
(1.28) 
Their experimental results showed that the mode transition was almost uniquely 
dependent on the value of K The K value at the droplet/jet transition ranged from 0.06 
for normal propanol to 0.13 for R-I13. The K value at the jet/jet-sheet transition was 
0.32. The K value at the jet-sheet/sheet transition ranged from 0.37 to 0.47 for the three 
liquids studied. No effect of tube spacing or transition hysteresis was reported. 
Experimental observations of Maron-Moalem et al. (1978), Ganic and Roppo 
(1980), and Mitrovic (1986) indicated that the droplet/jet transition occurred at Re-150-
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200, whereas the jet/sheet transition occurred at Re-315-600. Contradictory to Dhir and 
Taghavi (1981), marked hysteresis was observed for the jet/droplet transition. 
In a study of film condensation of R-1l3 on inline bundles of horizontal fmned 
tubes, Honda et al. (1991) found that mode transition differed greatly for finned-tubes 
with different geometries when a flowing vapor was present. In his study, a sheet mode 
was observed for R-l13 at a Reynolds number greater that 400 under a stagnant vapor 
condition, a complete sheet mode was not observed even when the Reynolds number was 
increased to as high as 1800 if a vapor velocity of 3.4 m/s was present. 
A study performed by Puzyrewski and Zukoski (1969) on the disintegration of a 
liquid sheet falling from a vertical plate showed that the breakup Reynolds number was 
determined by a parameter m defined as y { ~(p / a)3 g t }. The rupture of a liquid sheet 
occurred when 
Re = O.532m1.176 (1.29) 
1.2.4 Summary 
Three falling-film modes have been observed: droplet, jet, and sheet. The 
character of the flow differs for each of these modes, as does the heat transfer behavior. 
Unfortunately, because the mode transitions are not well understood or easily predicted, 
models of falling-film heat exchangers have been over simplified and in many cases do 
not predict thermal performance accurately. For example, inundation effects complicated 
condenser modeling and are probably responsible for departures from Nusselt's theory, 
but they cannot be accurately modeled without knowledge of the mode behavior. In 
modeling evaporation or a sub-cooled falling film, the mode effects are profound and 
may be responsible for disagreements over the roles of tube geometry, Reynolds number, 
and fluid properties, but because mode behavior can not be predicted, it has not been 
consistently included in data interpretation or modeling. In addition to the gaps and 
inconsistencies in the literature that have been discussed in this chapter, some potentially 
important effects have not been examined whatsoever. In almost every falling-fIlm heat 
exchanger, a flowing vapor is present; however, there have been no studies of the impact 
of a vapor flow on falling film modes for plain tubes. Research is needed to resolve the 
inconsistencies and fill the gaps in our current understanding, and to consider the impact 
of neglected but potentially important effects. 
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1.3 Objectives of the Study 
The overall objective of this study is to gain a deeper understanding of the falling-
film modes and their impact on heat transfer. This objective will be met through the 
following goals: 
Mode Characteristics: The influence of surface tension and density on the jet and 
droplet spacing is clear, but there is ambiguity in the literature with respect to the roles of 
tube diameter, intertube spacing, and liquid flow rate. The effect of a flowing vapor on 
the mode characteristics has not been studied. The above parameters will be isolated, and 
their effects on mode characteristics determined. 
Mode Transitions: Falling-film Reynolds number (flow rate) plays a clear role in 
the mode transitions; however, geometrical and thermophysical property effects are not 
well understood, and vapor shear effects have not been studied. There are also 
contradictory reports as to whether or not the mode transitions are subject to hysteresis. 
This research will provide an understanding of the mode transitions. It will identify the 
physical parameters governing the transitions, and explore their influence. The role of 
hysteresis will be determined. The effect of a flowing vapor on the mode transitions will 
be investigated. Criteria for mode transitions (flow mode maps) will be developed from 
this deeper understanding. 
Heat Transfer: For the sensible heating of a falling liquid film and for cases 
where evaporation or condensation are significant, the flow pattern is important. A first 
step toward resolving the apparent contradictions reported in the literature is to 
understand the importance of the flow pattern in data interpretation. In this respect, the 
objectives given above will contribute to an understanding of falling film heat transfer. 
The next step is to understand the flow and heat transfer interactions for the sensible 
heating of a falling liquid film. While the sheet mode has received considerable attention, 
the heat transfer behavior of the droplet and jet modes remains unclear. This research 
will isolate the effects of Reynolds number and tube geometry and will provide a clearer 
understanding of the flow and heat transfer interaction for these modes. Furthermore, the 
potentially important influence of vapor shear will be examined. 
The objectives set forth above will provide detailed knowledge of the flow pattern 
characteristics, its transitions, and impact on heat transfer. This knowledge will be 
embodied in a general methodology for predicting mode behavior and heat transfer 
impact. As such, this work will provide an improved basis for the design of falling-film 
heat exchangers. These objectives were pursued through an experimental approach. A 
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unique experiment apparatus, as described in the next chapter, was designed and 
constructed for flow and heat transfer experiments. 
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(a) (b) (c) 
Figure 1.1: The Falling-Film Modes (Mitrovic, 1986) (a) Droplet Mode (b) Jet 
Mode (c) Sheet Mode 
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CHAPTER 2 
EXPERIMENTAL APPARATUS AND METHODS 
The instrumentation and apparatus used to conduct the falling film experiments 
are described in this chapter along with the experimental procedure, data interpretation, 
and experimental uncertainties. 
2.1 Experimental Apparatus 
The test facility, shown in Figure 2.1, consisted of a closed-circuit forced 
circulation loop of the test liquid and an open loop wind tunnel. This facility allowed the 
study of falling liquid film modes and heat transfer with or without an imposed flow of 
air from the laboratory. 
2.1.1 Wind Tunnel 
The purpose of the wind tunnel was to apply interfacial shear at the gas/liquid 
interface so that its effect on falling-film mode transitions and heat transfer could be 
determined. The wind tunnel had an inlet, a test section, a spacer/elbow, an expansion, 
and a blower. The inlet was equipped with a 9:1 area contraction with pull-out grids and 
a honeycomb flow straightener. The test section was made from transparent acrylic 
plastic and had a cross section of 203.2 mm by 304.8 mm. The front cover of the test 
section was removable, so that instrumentation and other adjustments could be made 
within the wind tunnel. The two sides of the test section were used to support the test 
tubes and provided easy adjustment to the tube spacing. The transition section between 
the fan and the expansion was made of a flexible rubber belt to prevent transferring 
vibrations from the motor to the test section. For the same purpose, gaskets were used at 
each interface between sections. The wind tunnel provided air velocities from less than 1 
mls up to 15 mls at the test section inlet. The approach velocity profiles were flat to 
within 2.7% at the maximum blower speed (See Figure 2.2). 
2.1.2 Liquid Loop 
The liquid circulation loop consisted of a head tank with a drain and an overflow, 
a thermally-controlled reservoir, a liquid pump, a filter, a needle valve, and flow meters. 
The test liquid in the reservoir was delivered by the pump to the adjustable constant-head 
tank. From the head tank, the liquid flowed through the first flow meter and the needle 
valve to the upper feed tube in the test section. In the test section, as shown in Figure 2.3, 
the liquid issued from the upper feed tube, flowed around the lower feed tube where it 
was distributed into a uniform sheet, and then fell from the feeding tubes and impinged 
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on the test tube. It flowed around the test tube then fell to the dummy tube and eventually 
to the catching tube. The liquid flowed from the test section and passed through a second 
flow meter prior to entering the reservoir. The reservoir also accommodated the head 
tank overflow and drain. A bypass line with a third flow meter afforded low flow rate 
testing by allowing some of the liquid to leave the head tank and bypass the test section, 
flowing directly to the reservoir. 
Different liquid film distribution schemes to obtain a uniform film distribution 
have been reported in the literature, such as using a perforated plate (Fletcher et ai., 
1975), drilling small holes on the feeding tube (Honda et aI., 1987), providing holes with 
a groove to help axial distribution (Parken, 1975), utilizing holes in one tube and using 
another tube underneath the first tube (Mittovic, 1986), and cutting a thin slot in the 
feeding tube (Ohir and Taghavi, 1981). In this study, Mitrovic's method was adopted. A 
series of holes of 1.0 mm diameter were located 1.5 mm apart from center to center along 
a 228.6 mm length on the bottom of the first tube. The gap between the bottom of the 
first feed tube and the top of the second tube was 1.4 mm. 
2.1.3 Test Tubes 
Polished brass tubes with wall thicknesses of 3.18 mm, and various outside 
diameters were used in both the falling-fIlm hydrodynamics and heat transfer studies. In 
heat transfer experiments, a test tube instrumented with thermocouples was used as 
discussed later. As shown in Figure 2.4, a cartridge heater was inserted inside the test 
tube. A thermally conductive paste was used to help obtain a uniform heat flux at the 
inside radius of the test tube. This arrangement was selected after experimenting with 
several thin-film heating techniques that were less successful. The thick-walled tube 
helped to ensure a uniform flux at the inside radius of the test tube; however, it 
complicated data interpretation as described later. In order to minimize axial heat 
conduction losses through the two ends of the tube, supports made of bakelite were used 
to hold the heated test tube. 
2.2 Instrumentation 
A dimensional analysis was performed as shown in Appendix A to determine the 
physical parameters to be measured and controlled during both the hydrodynamic test and 
heat transfer test. The liquid flow rate, surface tension, and inlet and outlet liquid 
temperatures were measured during the course of a hydrodynamic test. In a heat transfer 
experiment, in addition to the above mentioned parameters, the heat delivered by the 
cartridge heater and temperatures on the surface of the test tube were also measured. 
Other parameters, such as spacing between jets and droplets, and liquid film mode were 
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recorded during a test. In the following subsections, the measurement techniques for 
each of the parameters are described. 
2.2.1 Liquid Flow Rate 
Liquid flow rates were measured using oscillating piston type flow meters (OP 
meters) with an operating range of 0.0631--0.252 liters per second and an uncertainty of 
±O. 5%. At high liquid flow rates, the first oscillating piston flow meter was used to 
record the liquid flow rate into the feeding tube. When the flow rate was below 0.0631 
liters per second, the pulse output of the OP meter and the liquid volume flow rate 
became nonlinear. A bypass line as shown in Figure 2.1 was designed and set up to be 
used in the low flow rate situations. The falling-film flow rate was to be determined by 
the difference of the total flow rate through the first flow meter and that through the 
bypass flow meter. 
During the initial testing of the system, it was found that adjusting the needle 
valve to control the liquid flow rate changed the flow rates through both the first flow 
meter and the bypass flow meter. It took several minutes for the flow to balance in the 
lines and to become steady. This unsteadiness made accurate determination of transition 
flow rates difficult. 
To solve the problem, a container and a stop watch were used at low liquid flow 
rates. This method involved collecting the liquid issuing from the catching tube with a 
container and measuring the weight of the collected liquid and the period of time taken to 
collect the sample. The two methods of measuring liquid flow rate, the flow meter and 
collection method, agreed to within 2% at moderate flow rates. At liquid flow rates 
below 0.036 liters per second, the collection method was used to take the liquid flow rate. 
The flow meter was used for higher rates to avoid problems (splashing and short 
collection periods) associated with collecting the sample. This approach resolved the 
flow unsteadiness problems. 
2.2.2 Surface Temperature and Heat Flux 
Surface temperature distributions were measured using conventional 
thermocouples, with qualitative full-field temperature information provided using 
thermographic liquid crystals (TLC). TLCs change color according to their temperature 
and provide a visually rich qualitative view of surface temperatures. The method is 
reviewed in detail by Moffat (1990); unfortunately, quantitative TLC results were not 
easily obtained in the present experiments because viewing the surface through the 
covering liquid film distorted the results. Therefore, conventional thermocouples were 
used for quantitative measurements of the surface temperature. 
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Test tubes of diameters of 22.22 mm, 19.05 mm, and 15.88 mm were used for the 
heat transfer study. On each test tube, twenty-four thin (36 gauge) copper-constantan 
thermocouples were imbedded in axial grooves (See Figure 2.5). The grooves were 0.81 
mm wide and 0.76 mm deep each with a step 2.54 mm long and 0.51 mm deep as shown 
in Figure 2.6. The grooves on the surface were at 30 deg intervals circumferentially and 
the tips of the grooves were spaced 2.0 mm apart for the 22.22 mm diameter tube and 1.5 
mm apart for the other two test tubes. A thermally conductive epoxy was used to fill the 
grooves and the test tube was then repolished. The thermocouples were very carefully 
constructed with the sizes and locations of the beads such that after polishing the tube, the 
beads were barely visible on the surface (See Figure 2.6). 
When preparing the test tubes, the following procedures were adopted. First, the 
thermocouples were carefully constructed as required above. Then the thermocouples 
were put into grooves one by one and rubber bands were used to secure the thermocouple 
wires. After making sure that each thermocouple bead was pushed to the end of the 
groove (this was very important to determine the local position of the temperature 
measurement), a very small amount of fast-drying glue was used in 2 to 3 axial locations 
along the groove. The thermocouple wire was pressed fumly down before the glue dried. 
Mter all the thermocouples were fIXed into the grooves, the thermally-conductive epoxy 
was applied. Before the epoxy completely dried, any excess was removed with a sharp 
blade. The test tubes were then polished after the epoxy completely dried. 
All thermocouples were calibrated using a thermostatic bath with NIST traceable 
thermometers that had uncertainties of ±O.05°C. The thermocouples were calibrated after 
installation on the tubes. After calibration, temperature measurements proved to have 
uncertainties less than ±O.15°C. The falling-fllm inlet and outlet temperatures were also 
measured using calibrated thermocouples. 
The thermocouples were connected to a computerized data acquisition system that 
sampled their outputs at about 60 Hz. 
The heat flux imposed at the inner radius of the test tube was inferred from 
measurements of the applied voltage and current. A multimeter with a 0.1 V and 0.001 A 
resolution was used for this measurement. 
As discussed by Chyu and Bergles (1988), the catridge heater imposes a constant 
heat flux condition at the inner wall of the test tube. The active length rather than the 
total length of the heater was used in calculating the heat flux. The geometric dimensions 
of each of the catridge heaters used are listed in Table 2.1. 
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2.2.3 Other Measurements 
The surface tension of the fluids was measured during the course of each 
experiment using a Du Nouy Ring Tensiometer. The measured value of the surface 
tension was corrected using an equation fit to tabular data provided by Harkins and 
Jordan (1930) to account for the liquid lifted by the ring. The corrections were obtained 
from the following equation (Zuidema and Waters, 1941): 
1.679 r w + 0.04534 
R, 
(2.1) 
where, F is the correction factor, (Japp is the measured apparent surface tension, R, is the 
radius of the ring, r w is the radius of the wire of the ring, P, and P, are densities of the 
liquid and gas, respectively. Surface tension (J is determined by 
(J = (J appF (2.2) 
Air velocity at the inlet of the test section was measured using a Pitot-static tube 
and an electronic manometer (±0.12 Pa). Air density was inferred from laboratory 
temperature, humidity, and pressure. 
A Panasonic digital camera and a Nikon F-3 camera were used to take images of 
the falling film under different modes. Images were analyzed to obtain the required 
quantitative parameters such as jet and droplet spacing. 
2.3 Experimental Scope 
Two basic experimental programs, hydrodynamic and heat transfer, are described 
in Table 2.2. The hydrodynamic experiments were focused on the mode transitions and 
characterization. The heat transfer experiments were focused on the heat transfer 
behavior under different falling-film modes. Both hydrodynamic and heat transfer 
experiments were conducted with and without interfacial shear. 
The variables controlled and measured were vapor velocity, liquid flow rate, 
cartridge heater power output, liquid inlet and outlet temperatures, and test tube surface 
temperatures. In addition, the experimental range depended upon the geometry of the 
tubes and thermophysical properties of the liquid. It was impossible to prescribe the 
geometric and property range of interest a priori because the mode behavior was 
unknown. Therefore, the range of interest was decided as the experiments progressed. 
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Five different fluids were used for these experiments. They are designated Fluid 
A, B, C, D, and E. The fluids and their thermophysical properties are described in detail 
in Appendix B. 
2.4 Test Procedure 
In this section, the experimental procedures for both the hydrodynamic and heat 
transfer tests are detailed separately. 
2.4.1 Procedure for Hydrodynamic Tests 
Hydrodynamic tests were performed to determine the falling-film mode 
transitions without heating of the film. 
Before starting a test, the tubes were adjusted to the desired tube diameter and 
tube spacing. Since the falling film flow is a gravity activated flow, a slight tube 
inclination could drive the liquid flow to one side and cause a non-uniform distribution of 
the flow. Therefore, the tubes were carefully leveled prior to a test, and leveling was 
checked again after the liquid started circulating in the system. The liquid flow rate was 
adjusted to obtain a jet mode. The tubes were considered leveled if the jets fell at fixed 
sites with no consistent shift to either side. 
The liquid pump was turned on and the test liquid circulated through the system 
for 3-4 hours. This was done to ensure that the tubes were fully wetted and the piping 
system was free of air. The data acquisition system including devices for measuring the 
liquid and air temperature, liquid flow rate, surface tension and wind tunnel apparatus 
(for forced flow conditions) were set up and electronic devices were subjected to a warm-
up time of at least an hour. 
For studies of mode characteristics such as flow pattern and spacing between the 
jets or droplets, photographic equipment was employed. Usually, the camera position 
was fixed for a set of experiments, and therefore the focus length was fixed. Before 
changing the camera focus length, a scale was photographed to provide a dimensional 
reference. 
To make sure that the liquid flow rates on both sides of the tube were equal, the 
feeding tube was rotated until the liquid fell on the top dead center of each of the tubes 
below it 
For mode transition experiments, the needle valve shown in Figure 2.1 was used 
for fine adjustment of the flow rate. The valve was first opened sufficiently for the flow 
to reach a sheet mode. Then valve was slowly turned in the direction of decreasing liquid 
flow rate until the sheet broke up, reaching a sheet-jet mode. The corresponding liquid 
flow rate was recorded. Upon decreasing the flow rate further, the falling film went 
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through sheet-jet/jet, jet/jet-droplet, and jet-droplet/droplet transitions. The liquid flow 
rates were taken at each transition. To study the hysteresis associated with mode 
transitions, the liquid flow rate was then increased from the droplet mode. Going through 
a droplet/droplet-jet transition, etc., until the flow returned to the sheet mode. The flow 
rate at each transition was recorded. During the course of the experiments, the liquid 
surface tension, liquid temperature, and ambient conditions were measured and recorded. 
For forced flow conditions, the Pitot-static pressure was recorded. The tube diameter and 
tube spacing were also recorded. 
2.4.2 Procedure for Heat Transfer Tests 
All heat transfer tests were subjected to the previously stated wetting and warm-
up period. Leveling and even distribution of liquid were ensured by the same procedures 
as described in the hydrodynamics test section. The flow rate was monitored and 
adjusted to the desired value using the needle valve. If a high flow rate was desired, the 
system was shut off and the needle valve was replaced by a globe valve. All heat transfer 
measurements were taken under steady state conditions. The cartridge heater was 
energized, and thermocouple readings were monitored to determine when steady state 
was attained. 
The surface temperatures were measured by rotating the test tubes at 30-degree 
increments. For sheet and jet modes, the temperatures were averaged over 10 seconds at 
steady state. For the droplet mode, due to its intennittent nature, an average over about 
40 seconds was used. The time period was adequate, as the dripping frequency had a 
period an order of magnitude smaller. The liquid flow rate, heater voltage, current, and 
ambient conditions were measured and recorded during the course of a test as were the 
falling -film modes and geometric dimensions of the tubes. 
The data reduction procedure and uncertainty analysis are described in Appendix 
c. 
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9.5 203.2 188.7 
12.7 206.4 190.3 
15.9 209.5 188.9 
Table 2.1 Active Heater Length 
Geometry Geometry 
Tube Diameter: 9.52 mm, 12.7 mm, Tube Diameter: 15.87 mm, 19.05 mm, 
15.87 mm, 19.05 mm, 22.22 mm 22.22 mm 
Medium 
FluidsA-E 
Control 
0-50mm 
Vapor Velocity 
Liquid Film Flow Rate 
Measure 
Transition Flow Rates 
Mode Characteristics 
Surface Tension of the Liquid 
Liquid Temperature 
Ambient Conditions 
Table 2.2 
Medium 
FluidsA-C 
Control 
O-l00mm 
Vapor Velocity 
Liquid Film Flow Rate 
Heater Power 
Measure 
Test Tube Surface Temperatures 
Liquid Inlet and Outlet Temperature 
Ambient Conditions 
Overview of the Experimental Scope 
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Figure 2.1 Schematic of the Test Apparatus 
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Figure 2.2 Typical Velocity Distribution in the Wind Tunnel 
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Figure 2.3 Arrangement of Tubes in the Test Section 
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Figure 2.5 Thermocouple Placement on the Test Tube 
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Figure 2.6 Details of a Thermocouple Mounting on the Tube 
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CHAPTER 3 
EXPERIMENTAL RESULTS: 
MODE CHARACTERISTICS AND TRANSITIONS 
Experiments were conducted with five different working fluids, and for each fluid 
all three of the falling film modes illustrated in Figure 1.1 were observed, along with 
transitional modes. Furthermore, in the jet mode two distinctly different flow patterns 
were exhibited, resulting in the need to refme the classification of the falling film modes. 
In this chapter, qualitative observations that help in understanding the mode 
classifications and transition mechanisms will be described. Then quantitative 
measurements of flow behavior will be presented. This chapter will culminate in the 
presentation of a flow regime map for horizontal-tube falling film flows - this is the first 
time such a map has been proposed The engineering implications of the flow regime 
map will be discussed later. 
3.1 Qualitative Observations of the Flow 
To understand how the flow modes have been classified in this study, it is 
necessary to have insights into the general behavior of the flow. The observations 
presented in this section will provide that insight and other information that will help in 
the development of a mechanistic description of the mode transitions. Special attention is 
focused on the jet mode, because novel observations were recorded during experiments in 
that mode. 
3.1.1 The Basic Falling Film Modes 
The stable and transitional falling f11m modes observed during the experiments are 
shown Figure 3.1. To understand the falling f11m modes and transitions, first consider a 
horizontal cylinder with a thin static liquid fllm wrapped around it. For a sufficiently 
thick film, the free surface of the liquid presents a wave pattern due to gravity as 
described by Taylor instability theory. If the f11m is thicker, pendent drops hang from 
locations of the maximum wave amplitude. The pendent drops may eventually break 
away from the film and fall under the influence of gravity. This is the onset of the droplet 
mode from a stagnant liquid film. The axial distance between the neighboring droplets is 
determined primarily by the wavelength of the most unstable free surface - the most 
dangerous wavelength of Taylor instability. 
In the following, the transition processes that occur for flow rates above that 
associated with the onset of the droplet mode are described for a falling fllm of Fluid A 
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and horizontal tubes. This quantitative description would be essentially the same for the 
other fluids. 
It was observed that at very small liquid flow rates, liquid droplets dripped at a 
very low frequency from the underside of the horizontal tube at regularly-spaced sites. 
The sites were not simultaneously active; droplets fell off the tube from alternative 
dripping sites. The dripping frequency increased with an increase in liquid flow rate, and 
all the sites became active simultaneously when flow rate was increased to a certain 
magnitude. With a further increase in liquid flow rate, the liquid left the tube in a 
continuous way at some locations on the tube. This represented the initiation of liquid 
jets at those locations, and was designated as the point of transition from the droplet to 
the jet-droplet mode. 
With a further increase in the liquid flow rate, there was a transition from the jet-
droplet to the jet mode, with the liquid leaving the surface in continuous jets at regularly 
spaced sites. The diameter of the liquid jets increased with the flow rate. When the flow 
rate was increased to a certain value the jets became unstable and an additional jet 
appeared. The liquid jets were momentarily unsteady in location and diameter, but then 
became thinner and stable at a closer spacing. This process was repeated if the flow rate 
was increased, except that after a new jet formed the configuration remained unsteady 
(the jets did not settle at a particular spacing). The point where the jets became spatially 
unstable was designated as a stable/unstable jet transition. 
When the liquid flow rate was further increased, some of the unstable jets merged 
to form small segments of liquid sheets. This point represented the transition from jet to 
jet-sheet mode. A further increase in the flow rate caused the jets and sheets to merge, 
and form a continuous liquid sheet - the transition from jet-sheet to sheet mode. 
When the sheet mode initially formed from jet mode, the sheet was generally very 
smooth and uniform. When the flow rate was increased, the sheet became wavy. At even 
higher flow rates, the liquid ran off the tube in an unsteady way, causing occasional 
break-up of the sheet. 
One of the characteristics of the sheet mode is that the width of the liquid sheet 
decreases with the vertical fall distance. The sheet thickness is generally uniform and has 
thick 'laces' on the ends as clearly depicted in Figure 3.1(e) and (f). A simplified analysis 
by Dhir and Taghavi (1981) assumed that the sheet thickness was uniform and falling 
with a free-fall velocity. Applying the continuity equation, the width of the liquid sheet 
was found to decrease according to the inverse of the square root of the vertical distance 
from the bottom of the tube. 
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When the liquid flow rate was decreased from a sheet mode at high Reynolds 
number, the liquid fllm became smoother. A further decrease resulted in formation of the 
sheet segments and jets, which upon a further reduction in the liquid flow rate broke up 
into circular jets. 
When jets formed initially from the sheet mode, the jets were unstable and moved 
around along the tube. With a decrease in the liquid flow rate, the jets became stable (an 
unstable jet to stable jet transition). With a further decrease in the liquid flow rate, the 
diameter of the liquid jets was reduced. Finally one or more jets disappeared, causing a 
reduction of the total jet numbers and larger jet spacing. A flow rate decrease beyond this 
point resulted in some of the jets breaking up into droplets - a jet to jet-droplet transition. 
At a sufficiently low liquid flow rate, all of the jets broke up into liquid droplets. 
For fluids other than Fluid A, the general trends of the mode and mode transitions 
remain the same. However, the details may differ in certain aspects. For example, Fluid 
A exhibited an unstable jet mode, but the unstable jet mode was not observed for Fluids B 
and D. Waves were easily seen on the falling sheet of Fluids A, C, and E, but the liquid 
sheet of Fluids B and D were both very smooth. Finally, the pattern of the jets was 
observed to depend on the fluid, as discussed later. 
To summarize, when a liquid falls from a horizontal tube, it may take the form of 
droplets, jets, or a sheet. There are five falling film modes: the droplet mode, the droplet-
jet mode, the jet mode, the jet-sheet mode, and the sheet mode as illustrated in Figure 3.1. 
The jets may become unstable for some fluids at high Reynolds numbers, and the jet 
mode may take two distinct flow patterns. The falling-film modes and transitions are 
shown schematically in Figure 3.2. 
3.1.2 Patterns of Falling Liquid Jets 
With different arrangements of jet departure sites on the bottom of a tube with 
respect to jet impingement sites on the top of a tube, different jet patterns may be 
manifested. In the literature, it is generally observed that the jets assume a staggered 
pattern (Ganic and Roppo, 1980, Kutateladze, et al., 1985, and Mitrovic, 1986); i.e., jets 
depart from the bottom of the tube at a site axially located between two jet impingement 
sites on the top of the tube. This pattern is shown in Figure 3.1 (d). However, it was 
found in the present study that in addition to the staggered arrangement, jets may also fall 
in an inline pattern; the lower jets departing from sites directly beneath impingement 
sites, as shown in Figure 3.1(c). 
The two falling jet patterns were not observed for all the fluids studied. For Fluid 
A, the jets fell in the staggered pattern for all the conditions encountered. For Fluid D, 
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however, the jets fell in the inline pattern and no staggered pattern was observed. For 
Fluids B, C and E, both the staggered and in line patterns were observed. The inline 
pattern occurred in the lower Reynolds number range, and the staggered pattern in the 
higher Reynolds number range of the jet mode for a particular liquid. Photographs of the 
falling jet patterns for Fluids A, B, C, and D are shown in Figures 3.3 to Figure 3.6, 
respectively. 
An interesting aspect of the pattern of the liquid jets is the surface outline of the 
liquid film on the tube wall. As can be seen from the photographs, when liquid jets fall in 
a staggered pattern (see Figures 3.3, 3.4b, 3.5b), there is a crest region where a ring of 
thick-film is visible between two impinging jets. The lower jet then falls from the bottom 
of the ring, generating a staggered pattern. When liquid jets fall in an inline pattern, there 
are two surface curvatures. In the first case, the ftlm is thick where the jet impinges, and 
the film thickness decreases in the axial direction, reaching a minimum thickness (valley) 
between the two impinging jets as shown in Figure 3.6. In the second case, there is a 
dimple around the jet impingement region, the film thickness then increases along the 
axial direction followed by a decrease. The film thickness still reaches its minimum 
between two jets as shown in Figure 3.4(a) and 3.5(a). The first case was usually seen at 
a low Reynolds number, and the second seen at a higher Reynolds number. As discussed 
later, the patterns of jet alignment may affect the local heat transfer coefficient 
distribution. 
3.1.3 Geometric Shapes of a Liquid Jet 
Another interesting phenomenon associated with liquid jets is the change of the 
geometric shape with the tube spacing. Photographs of the jet geometry for Fluids A, B, 
C, and D are shown in Figures 3.7 to 3.10. It can be seen that overall the jet takes a 
converging shape. The jet diameter decreases with the distance from the bottom of the 
tube as the jet falls. For a smooth liquid jet, the converging shape can be obtained 
analytically by the following analysis. 
Assuming the liquid is incompressible and inviscid, and the flow is one 
dimensional in the gravity direction, Bernoulli's equation may be applied to the free jet: 
P u2 
_+_Z - gz = const 
p 2 
(3.1) 
Assuming further that the jet surface is linear, then the mean surface curvature can be 
approximated as x, where x is the local radius of the jet. Then, using Laplace's formula, 
we have: 
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The continuity of mass gives: 
(J 
p=-
x 
(3.2) 
(3.3) 
where G is the mass flow rate through a single jet. Combining the above equations, and 
using the boundary condition: 
X=Xo atz=O (3.4) 
the jet radius is governed by the following equation: 
(3.5) 
This is a simplified approach following the analysis by Anno (1977). For realistic 
conditions with fluid A, at a temperature of 25°C, a falling-film flow rate of 0.08 kg/m-s, 
and an inlet jet radius of 4 mm, the prediction of Eqn (3.5) is shown in Figure 3.11. This 
simple model shows good qualitative agreement with the photographic studies for large 
tube spacings. 
One of the assumptions used in obtaining Equation (3.5) is that the free surface of 
the jet is smooth and linear. This assumption does not hold for a jet falling onto a solid 
surface, especially when the tube spacing is small. As shown in Figures 3.7 to 3.10, at a 
very small tube spacing, the liquid jet takes the shape of a pendent drop. With a slight 
increase in the tube spacing, the jet is elongated, and takes the shape of an inverted bell. 
As the tube spacing increases further, the jet takes the shape of an inverted cone with a 
sphere hanging below it. A further increase of the tube spacing results in the slope of the 
cone becoming smaller, and the hanging sphere becoming more like a ring. There may 
be additional rings attached to the bottom of the jet. When the tube spacing is increased 
to a certain extent, the rings seem to collapse at the bottom of the jet, and form wrinkles. 
Under these conditions, the liquid jet is smooth and linear over a long distance before it 
hits the lower tube. The shapes of the liquid jets also depend on the fluid properties. For 
Fluids A, C, and E the above described shapes are easily seen. For Fluid B, the overall 
shapes were exhibited, however, the liquid rings at large tube spacing were not visible. 
The free surfaces of the jets were generally smooth and wrinkle free. For Fluid D, the 
jets take a converging shape, with no obvious presence of the above described shapes. 
For all the jet shapes mentioned above, there always exists a liquid bridge at the very 
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bottom of the jet, the dimension of which does not seem to vary much with liquid flow 
rate and tube spacing as shown in the photographs. 
To the author's knowledge, there have been no studies reported of the above 
geometric shapes of liquid jets. However, there are some related studies that can be 
classified into two categories. The buckling of free liquid columns or sheets flowing onto 
solid surfaces has been studied by Bejan (1989). According to Bejan (1984, 1989), the 
most striking geometric feature of buckling flows is the deformation of straight fluid 
streams into sinusoidal shapes whose wavelengths are "characteristic". Neglecting 
surface tension, Bejan (1989) obtained the characteristic wavelength mv (w is the radius 
of the liquid column) by solving a static equilibrium equation for the liquid column. The 
other related category is the study of capillary phenomena in systems with static 
fluid/fluid interfaces such as a pendent drop, a sessile drop, liquid bridges and so on 
(Boucher, 1980). This category is mostly associated with improved measurement of 
liquid surface tension. 
The buckling theory cannot explain satisfactorily the geometric shapes seen in this 
study, especially at low tube spacing. On the other hand, the existing capillary theory of 
static fluid interfaces does not account for the fluid flow and the height of the liquid drop 
or jet is usually small. By accounting for flow in the static analysis of a pendent drop, 
reasonable agreement between predicted and observed jet shapes at low tube spacing can 
be obtained (See Appendix D). 
3.2 Measurements of the Flow Behavior 
The droplet or jet spacings were recorded by taking photographs of the mode. 
Contrary to most reported results, the jet or droplet spacings were observed to change 
with the liquid flow rate. Jet spacing was also affected by the tube spacing. The 
transitions of falling-film modes described in Figure 3.2 were recorded. To determine if 
there was a hysteresis effect, the data were collected by both decreasing and increasing 
the liquid flow rate. The results are presented below. 
3.2.1 Spacing of the Droplet and Jet Modes 
As discussed above, liquid jets and droplets are characterized by the departure of 
fluid from regularly-spaced sites along the bottom of the tube. The spacing between the 
sites for the jet or droplet mode is referred to as the jet or droplet spacing. The effects of 
fluid properties, tube spacing, tube diameter, and interfacial shear on the jet and droplet 
spacing were studied and the results are presented below. For clear comparison, the jet 
and droplet spacing are nondimensionalized using the capillary constant, a 
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(3.6) 
In Figure 3.12, the dimensionless jet and droplet spacing are plotted against liquid 
Reynolds number for Fluids A, B, C, and D. Predictions given by Yung, et al. (1980) are 
also shown in the plot for comparison. While the effect of liquid flow rate was not 
considered in most of the studies, the experimental data show that the spacing of jets and 
droplets are flow-rate affected. As shown in the plots, the flow rate has a larger effect for 
Fluids A and C than for Fluids Band D. A decrease in the flow rate causes an increase in 
the jet and droplet spacing. An increase in the flow rate causes a decrease in the jet and 
droplet spacing. This agrees with the observations described in the previous section. 
From the figure, it is also seen that Yung's equation over predicts the jet spacing 
by as much as 25% percent at high flow rates for Fluids A and B. The droplet spacing 
has a stronger dependence on the flow rate. As expected, when the Reynolds number 
approaches 0, the droplet spacing approaches that given by the most dangerous Taylor 
wavelength (A,* =10.9) as given by equation (1.20). 
For fluids with lower Ga*, such as Fluids Band D (See Appendix B), the 
agreement between Yung's prediction and the measured jet or droplet spacing is better. 
This suggests a possible correction to the jet spacing using the fIlm Reynolds number and 
Ga* based on the capillary constant. 
The effect of the tube diameter on the jet and droplet spacing is shown in Figure 
3.13. The tube diameter has a weak but a consistent effect: the larger the tube diameter, 
the larger the jet or droplet spacing. At lower tube diameters, the effect of tube diameter 
becomes larger, as predicted by Li and Harris (1993). The trends agree with the analysis 
by Lienhard and Wong (1964). 
As shown in Figure 3.14, tube spacing does not have a large effect on the jet 
spacing. However, an interesting common feature is suggested by the three curves. The 
jet spacing fIrst decreases with increasing tube spacing and reaches a minimum at a tube 
spacing of 9-10 mm, and then the jet spacing increases slightly and becomes insensitive 
to further increases in tube spacing. When comparing Figure 3.14 with Figures 3.7-9, it 
is found that the minimum jet spacing occurs at a particular jet geometry, the 'bell' shape. 
When there is a concurrent air flow, jet or droplet departure sites move closer 
together, i.e., their spacing is reduced. This effect is repeatable but difficult to quantify 
with the current apparatus. The change in spacing is small (about 10 percent at the 
highest air velocity, 15 m/s); furthermore, unsteadiness in the air flow due to the wakes of 
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the feeding tubes causes the spacing to exhibit some unsteadiness. Therefore, no effort 
beyond these preliminary observations was pursued, and this issue remains unresolved. 
3.2.2 The Falling Film Mode Transitions 
Transitions among the falling-film modes were observed and measured by 
increasing and decreasing the flow rate for various geometrical configurations and fluids 
with and without an air flow. Following a brief discussion of the effect of tube spacing 
and tube diameter, the governing parameters of falling-film mode transitions are 
discussed by applying a dimensional analysis. The transition data are then presented in 
the new coordinate system using dimensionless groups. Hystereses associated with 
transition phenomena are considered. Transitions between the unstable and stable jet and 
staggered and inline jet patterns are then discussed. Finally, the influence of an air flow 
on the transition of falling films is presented. 
A. Effect of Tube Spacing and Tube Diameter 
Transition data for Fluid A with various tube spacings are shown in Figure 3.15, 
where the transition Reynolds numbers of sheet to jet, jet to droplet, droplet to jet, and jet 
to sheet are presented. As can be seen from the figure, the tube spacing does not have a 
significant effect on the mode transitions. 
Transition data for falling-film modes with various fluids at tube diameters of 
15.9 mm and 22.2 mm are presented in Figures 3.16 and 3.17, respectively. As can be 
seen, the transition Reynolds numbers vary significantly from one fluid to another. Fluid 
A has the highest transition Reynolds numbers at all mode transitions, followed by Fluids 
C, E, and B. Fluid D has the lowest transition Reynolds numbers at all transitions. A 
comparison of the two figures also demonstrates an insignificant effect of the tube 
diameter in the experimental range. 
B. The Governing Parameters of the Mode Transitions 
From the dimensional analysis performed in Appendix A, there are four 
dimensionless parameters governing the mode transitions, Re, Dh, sid, and Ga*. When 
the effects of the tube diameter and the tube spacing are excluded from the above 
discussions, there are two dimensionless groups governing the mode transitions out of 
five dimensional parameters r, g, p, Jl., and (1. As the Reynolds number has proved its 
uniqueness in determining the mode transitions for a certain fluid, the other four 
parameters g, p, Jl., and (1 are grouped together to form the second dimensionless group 
of the form: 
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Ga* = per 
p4g (3.7) 
To see the physical implication of this dimensionless group, the commonly used 
Galileo number which represents the ratio of gravity force to viscous force is examined. 
Ga = g/3p2 = (gravity fOrCe)2 
p2 viscous force 
(3.8) 
When the characteristic length in the above equation is chosen to be the capillary 
constant, 
l=a=~~ (3.9) 
and the Ga of Equation (3.8) is squared, we have 
Ga * = per = ( gravity force)4 
p4 g viscous force 
(3.10) 
The newly defined Galileo number, Ga *, is the fourth power of the ratio of the 
gravity force to the viscous force based on the capillary constant. Ga * depends on the 
fluid properties. It frequently occurs in the analysis of film flows as discussed in 
Appendix E. The value of Ga * for Fluids A, B, C, D, and E is given in Appendix B (this 
parameter guided the selection of these fluids). 
Guided by the dimensional analysis, the transition Reynolds numbers are plotted 
against Ga*O.25 in Figures 3.18 to 3.21 for sheet-jet, jet-droplet, and jet-sheet transitions, 
respectively. A striking feature of the mode transitions is evident from the figures: 
transitional Reynolds numbers for all mode changes appear to be almost linearly 
dependent on Ga *0.25. In other words, the mode transitions appear to be directly and 
simply related to the ratios of inertia to viscous forces based on film thickness (Re) and 
gravity to viscous forces based on the capillary constant (Ga*O.25). 
Further evidence supporting a simple relation between the transitional Reynolds 
numbers and Ga * may be obtained by considering the behavior of Fluids C and E. These 
two liquids have surface tensions that differ by 58.7% and viscosities that differ by 55.3% 
at 30°C, but their Ga*O.25 values only differ by 6.7%. Transition Reynolds numbers for 
Fluids C and E are very close in spite of vast differences in the thermophysical properties; 
the Ga * dimensionless group is the important parameter. 
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c. Hysteresis of the Falling Film Transition 
Hysteresis of the falling film transitions is studied by examining the Reynolds 
numbers needed to reach identical modes with increasing or decreasing flow rates. As 
seen from Figure 3.2, there are four transition points to be considered in the analysis of 
the hysteresis of falling film mode transitions. They correspond to transitions (for 
increasing or decreasing Re) between the sheet and sheet-jet, sheet-jet and jet, jet and jet-
droplet, and jet-droplet and droplet modes. Transitions at each of these four points are 
compared for increasing and decreasing Reynolds numbers in Figures 3.22 to 3.25. As 
seen from all the figures, hysteresis exists at each of the transitions. The Reynolds 
number to reach a mode with increasing liquid flow rate is systematically higher than that 
required for a decreasing liquid flow rate. 
The physical mechanism responsible for the hysteresis may be related to the free 
energy associated with the liquid/vapor interface. Assume a liquid sheet of length I, 
height s, and thickness 8; the total free surface area is approximately: 
Asheet = 21s (3.11) 
When the liquid sheet breaks up into jets, the total area becomes 
Ajet = n(21CX)s (3.12) 
where, n is the number of jets, n = I / A, and x the radius of a jet. From the photographs 
shown in Section 3.1, the radius of the jet can be approximated as one-fifth of the jet 
spacing, therefore 
2 
A· t = -His Je 5 
The difference in free surface area for these two modes is: 
A..heet - Ajet = ( 2 - 25H }s > 0 
(3.13) 
(3.14) 
As the free energy is proportional to the area (uA), the energy needed to bring a 
jet mode into a sheet mode must include this increase of the surface energy, resulting in 
the need for a larger transition flow rate. 
D. The Transition Between the Stable and Unstable Jets 
Unstable jets were observed for Fluids A, C, and E at high Reynolds numbers in 
the jet mode. The transition data between unstable and stable jets for decreasing and 
increasing flow rates are presented in Figure 3.26. Data collected for Fluid A show 
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significant scatter, with the largest deviation of about ±30%, due to difficulties in 
determining the transition point. 
A linear fit is perfonned to obtain an approximate transition Reynolds number for 
the stable and unstable jets. The correlation is obtained as: 
Re = 47.42 + 0.6Ga *0.25 (3.15) 
The mean deviation of the experimental data from the predicted value of Equation (3.15) 
is 8.3%. 
The existence of unstable jets may be related to the minimum spacing of the jet. 
As discussed in Section 3.1, the jet spacing decreases with increasing liquid flow rate. 
When the liquid flow rate is increased to a certain extent, the jet spacing reaches the 
minimum. A further increase in the flow rate will result in the jets becoming unstable. 
For Fluids Band D, sheet mode fonned before jets became unstable. No unstable jet 
mode was observed. 
E. The Transition Between the Inline and Staggered Jets 
As discussed in Section 3.1, for Fluids B, C, and E, the jets fall in the inline 
pattern at low flow rates and staggered pattern at high flow rates within the jet mode 
range. The Reynolds numbers for transition from staggered to inline and inline to 
staggered patterns with various tube diameters are plotted in Figures 3.27 and 3.28. 
Although tube diameter does not have a strong effect, the data suggest that lower 
transitional Reynolds numbers are required when going from an inline to a staggered 
arrangement on large tubes. During the experiments with Fluid E, no inline jet mode was 
seen for a tube diameter of 22.2 mm, but it was observed for a tube diameter of 15.9 mm 
- the staggered jet pattern tends to occur for larger tubes, and the inline pattern tends to 
occur for smaller tubes. 
The effect of tube spacing is shown in Figure 3.29. For decreasing flow rates, a 
larger tube spacing results in a smaller transition Reynolds number from staggered to 
inline patterns. Similarly, when increasing the flow rate, the inline to staggered transition 
occurs at a smaller transition Reynolds number for larger tube spacings. In other words, 
for a larger tube spacing, the staggered jet pattern tends to occur; for a smaller tube 
spacing, the inline jet pattern tends to occur. 
To understand the effects of tube diameter and tube spacing, consider the flow 
conditions for the inline and staggered patterns. Jets impinging on the top of a tube 
spread axially and circumferentially from their impingement points and flow around the 
tube as illustrated in Figure 3.30. This flow is governed by momentum, gravity, and 
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viscous forces. If the flow from two neighboring jets collides with sufficient momentum 
an 'interaction ring' will be formed (see Figure 3.30) between the jets, and the flow will 
leave the tube as a jet detaching from the interaction ring. However, if the jets do not 
interact, no ring will form and the flow will depart the tube as a jet beneath the upper 
impinging jet. The collision momentum and related formation of an interaction ring 
depend upon the momentum of the impinging jets and their spacing, the tube diameter, 
and the liquid viscosity. 
If the impinging momentum is high and the jets are close together, viscous effects 
may be overwhelmed by axial momentum, and an interaction ring will form. On the 
other hand, for a large jet spacing and high viscosity, viscous forces will dominate, and 
no jet interaction will occur. Tube diameter effects may be important only in extreme 
cases. For a tube diameter orders of magnitude smaller than the jet spacing, 
circumferential momentum will dominate, and an inline configuration is expected. For a 
tube diameter orders of magnitude larger than the jet spacing, axial momentum 
dominates, and a staggered configuration is expected. 
This physical explanation is consistent with the experimental results. Large tube 
spacing implies larger impingement momentum and a tendency towards staggered jets; 
this behavior was noted in the experiments. The tube diameter effects have the expected 
behavior, a tendency toward inline jets for small diameters, but the effect is less 
pronounced. Highly viscous fluids (viz. Fluid D) exhibit the inline pattern, moderate 
viscosity fluids (B, C, and E) exhibit both patterns, and low viscosity fluids (A) only 
exhibit a staggered pattern. 
The momentum, viscous, gravity, and length scale mechanisms contributing to the 
jet pattern are embodied in the Reyt;lolds number based on film thickness and the Galileo 
number based on the capillary constant. Therefore, the transition between these patterns 
was correlated as transitional Reynolds number as function of Ga*. 
For staggered to inline jet transition, the transition Reynolds number is 
determined by 
Re = 17.91 + 0. 243Ga*0.25 (3.16) 
For inline to staggered jet transition, the transition Reynolds number is 
determined by 
Re = 23.08 +,0. 277Ga *0.25 (3.17) 
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For both directions of increasing and decreasing flow rate, the transition Reynolds 
number is determined by 
Re = 20.53 + 0.256Ga *0.25 (3.18) 
The mean deviation of the experimental data from Equation (3.16), (3.17) and 
(3.18) is 8.7%, 8.8%, and 12.5%, respectively. 
F. Effect ofa Flowing Gas 
The transition Reynolds number with a concurrent air flow was studied for a 
range of Weber numbers, based on the tube diameter, from 0 to 15. The results are 
shown in Figures 3.31 for transition Reynolds numbers of the sheet to jet transition, and 
in Figure 3.32 for a jet to sheet transition. For transitions between the sheet and jet, the 
air flow does not seem to have a significant effect. The transition data for jet to droplet 
and droplet to jet transitions with an air flow are shown in Figures 3.33 and 3.34, 
respectively. The transitions between jet and droplet modes occur at lower Reynolds 
numbers when an air flow is present. In other words, for decreasing flow rates, the 
transition from jet to droplet occurs earlier than without air flow; when increasing flow 
rate, the transition from droplet to jet occurs later than without air flow. 
3.3 Flow-Mode Maps and Comparison to Data in the Literature 
In the following, the transition flow rate as a function of the Ga * is obtained by 
correlating the experimental data. Falling-film flow-mode maps are first provided with 
consideration for both increasing the liquid flow rate and decreasing the liquid flow rate. 
By neglecting the hysteresis effect, a simplified flow-mode map is then obtained by 
correlating data for both increasing and decreasing flow rates. Furthermore, for the 
convenience of engineering application, the existence of the transitional modes is 
neglected, and a flow map is obtained by correlating all the relevant data at a certain 
transition. Finally, transition data found in the literature are compared with the novel 
flow-mode maps obtained in this study. 
3.3.1 Flow-Mode Maps 
When decreasing the liquid flow rate from a sheet mode to a droplet mode, the 
flow undergoes the transition from sheet to sheet-jet, sheet-jet to jet, jet to jet-droplet, and 
jet-droplet to droplet. When increasing the liquid flow rate from a droplet mode to a 
sheet mode, the flow undergoes the transition from droplet to jet-droplet, jet-droplet to 
jet, jet to jet-sheet, and jet-sheet to sheet. The experimental data are correlated using a 
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least square regression method for each of the transitions, the correlations are given 
below, along with the mean deviation of the data from the correlation. 
Mean Deviation 
From sheet to sheet-jet: Re = 1. 004Ga *0.25 ±3.9% (3.19) 
From sheet-jet to jet: Re = 1. 064Ga *0.244 ±3.8% (3.20) 
From jet to jet -droplet: Re = 0.057Ga *0.321 ±8.4% (3.21) 
From jet -droplet to droplet: Re = O. 045Ga *0.321 ±6.2% (3.22) 
From droplet to droplet-jet: Re = 0.121Ga *0.284 ±8.5% (3.23) 
From droplet-jet to jet: Re = 0.159Ga *0.282 ±6.6% (3.24) 
From jet to jet-sheet: Re = 1.880Ga*0.222 ±4.3% (3.25) 
From jet -sheet to sheet: Re = 2. 088Ga *0.22 ±4.2% (3.26) 
Representative experimental data and the above correlations are plotted in Figures 
3.35 and 3.36 for decreasing and increasing flow rates, respectively. In the figures, there 
are also lines representing the transitions between unstable and stable jet mode (given by 
Equation (3.15» and staggered and inline jet mode (given by Equations (3.16) and 
(3.17». The figures present a clear picture of the falling-ftlm modes and their transitions. 
In the regions above the sheet and sheet-jet transition curve, the falling film stays in a 
sheet mode; in the regions below the jet-droplet and droplet transition curve, the falling 
ftlm stays in a droplet mode; in the regions above the jet-droplet and jet transition curve 
and below the sheet-jet and jet transition curve, the falling-film flows in a jet mode. 
Between the three modes are the transitional modes, such as sheet-jet and jet-droplet. 
The transitional regions become very small for fluids of small Ga * (Ga .0.25 less than 
200). 
Within the jet mode range, jets may be stable or unstable, inline or staggered. The 
transition between unstable jet and stable jet is shown by line cd in the figures. The 
region above the line and below the transition curve of jet and sheet-jet is the unstable jet 
region. The transition between staggered and inline jets is shown by line ab in the 
figures. Above line ab and below line cd is the stable staggered jet region. Below line ab 
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and above the transition CUlVe of jet and jet-droplet is the inline jet region. For the 
experimental range covered in the present study, for fluids with Ga*O.25 greater than about 
320 (or Ga* is greater than 1.048e+10, no inline jet pattern can be obselVed. For fluids 
with Ga *0.25 smaller than about 30 (or Ga * is less than 8.1e+5), no staggered jet mode 
can be obselVed. For fluids with Ga *0.25 less than about 100, no unstable jet mode can be 
obselVed. 
To illustrate the use of the flow mode maps, let us consider a fluid with a Ga *0.25 
of 180 (Ga * of 1.05e+9). For a sheet mode flow with a decreasing flow rate (see Figure 
3.35), the break up of the film into jets is expected to begin when Re= 180. Decreasing 
the liquid flow rate to a Reynolds number of about 169, the falling fIlm is expected to 
take the form of an unstable jet mode. At a Reynolds number of about 155, the unstable 
jet will become stable. The falling fIlm is expected to remain in the stable staggered jet 
mode to a Reynolds number of about 62, then the jets will shift and settle in to an inline 
pattern. Decreasing the liquid flow rate further to about Re=45, some of the liquid jets 
will break up into droplets, and at Re=36, all the jets will break up into droplets. 
Similarly, when increasing liquid flow rate, the transitions from a droplet mode to a sheet 
mode can be determined from Figure 3.36. A comparison of the correlations (3.19) to 
(3.26) to the experimental data is presented in Figure 3.37. 
As the hysteresis is not very strong in most mode transitions, it may be very 
useful to correlate transition data for increasing and decreasing flow rates on a single 
map. Roughly the same number of obselVations are available for increasing and 
decreasing Re. The new correlations are given as follows: 
Mean Deviation 
Between sheet and sheet-jet: Re = 1. 448Ga *0.236 ±6.6% (3.27) 
Between sheet-jet and jet: Re = 1.414Ga *0.233 ±5.8% (3.28) 
Between jet and jet-droplet: Re = 0.096Ga *0.301 ±11.2% (3.29) 
Between jet-droplet and droplet: Re = 0.07 4Ga *0.302 ±11% (3.30) 
A flow-mode map representing the above equations is shown in Figure 3.38. For 
a fluid with a Ga*O.25 of 180, the new map gives the transition from sheet to sheet-jet at a 
Reynolds number of 195, the transition from sheet-jet to jet occurs at a Reynolds number 
of 179, the transition from unstable jet to stable jet at a Reynolds number of 155, the 
transition from stable staggered jet to inline jet at a Reynolds number of 67, and the inline 
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jet mode starts to break up into droplets at a Reynolds number of 50, and the completion 
of the jet to droplet transition at a Reynolds number of 39. A comparison of the above 
correlations to the experimental data is presented in Figure 3.39. 
For engineering applications, a simple correlation is desired. As can be seen from 
Figures 3.35 and 3.36, the transitional regions of coexisting modes are generally small. 
To simplify the falling-film flow-mode map further, in addition to neglecting the 
hysteresis effect, the transitional regions are also merged, and the transitions reduced to: 
transition between jet and sheet, and between jet and droplet. The experimental data are 
recorrelated as: 
From sheet to jet: Re = 1. 431Ga *0.234 
From jet to droplet: Re = 0.084Ga *0.302 
Mean Deviation 
7.7% 
15% 
(3.31) 
(3.32) 
This simplest falling-film mode map is given in Figure 3.40. A comparison of the above 
correlations to the experimental data is given in Figure 3.41. 
3.3.2 Comparison of the Falling-Film Mode Map to Data in the Literature 
A comparison of some of the experimental data in literature to the predictions 
given by Equations (3.19) to (3.26) is given in Table 3.1. There is good agreement 
between the data of Ganic and Roppo (1980), Przulj and Ganic (1991), and part of Dhir 
and Taghavi's (1981) data. 
Yung et al. (1980) developed a semi-empirical relation of the transition flow rate 
at droplet to jet transition as given by Equation (1.25). After rearrangement, the 
transition Reynolds number can be written as : 
Re = 0.244Ga *0.25 (3.33) 
A comparison of the above equation to Equation (3.23) is shown in Figure 3.42. There is 
a good agreement between the Yung's droplet/jet transition and the prediction given in the 
present study. 
In a study of the disintergration of a liquid sheet falling from a vertical plate, 
Puzyrewski and Zukoski (1969) also found that the transition Reynolds number was Ga* 
dependent. Rearranging Equation (1.29), the transition Reynolds number at which a 
liquid sheet breaks up is: 
Re = O. 532Ga *0.294 (3.34) 
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A comparison of the above equation to Equation (3.19) is shown in Figure 3.43. The 
prediction by Puzyrewski and Zukoski (1969) is generally higher than that given by 
Equation (3.19). The reason for the differepce is probably due to the very different 
geometric setup. 
Honda et al. (1987) studied the mode transi,tions of three different liquids flowing 
over low-finned tubes. Although the geometry was substantially different, their data 
display the trends of the present study. Comparisons of the results of Honda et al. (1987) 
to the current study are given in Figures 3.44 to 3.46. Apparently, transition to the sheet 
mode requires higher Reynolds numbers for. fInned tubes, while transitions between the 
droplet and jet modes occur at about the same conditions for fInned or unfInned tubes. 
While the geometrical differences preclude a direct comparison, it is encouraging that 
even with these differences, the data of Honda et al. (1987) tend to support the current 
study. 
3.4 Closure 
In this chapter a detailed description of the character of the falling fIlm flow was 
given and new pattern classiflcations were introduced. Measurements of the flow pattern 
characteristics were provided and compared, when possible, to research results from the 
literature. Transitions between the falling-fllm modes were explored in detail. The 
mechanisms of some of the transitions were discussed, and several flow regime maps 
were provided. These maps are the fIrst of their kind for this flow, and their implications 
on design will be discussed later. 
In the next chapter, flow and heat transfer interactions for the sensible heating of a 
falling liquid fllm on a horizontal tube will be explored. 
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Ganic and Roppo water 1 511.9 jet/jet-droplet 178.30 I 172.78 3.1% 
1980 
and Taghavi I silicone oil I 1.74 1981 sheet-jet/jet 1.34 1.83 36.6% 
jet -droplet/droplet 0.27 0.12 55.5% 
jet-droplet/jet 0.33 0.30 9.1% 
+> I jet/sheet-jet 2.48 3.06 23.4% -....J 
ethylene glycol 16 jet-droplet/jet 2.40 3.62 50.8% 
5.3 jet-droplet/jet 0.35 1.04 197.1 % 
1986 water 481.6 sheet/sheet-jet 314.2 483.53 53.8% 
Przulj and Ganic, 1991 water 538.8 jet-droplet/droplet 123.00 145.95 18.6% 
159.90 184.53 15.4% 
Przulj and Ganic lethyl alcohol 1152.2 1 droplet/jet-droplet 42.06 36.47 13.3% 
1991 
Table 3.1 Comparison of Data from the Literature to Predictions Given by Equations (3.19) to (3.26) 
(a) (b) 
(c) (d) 
(e) (1) 
Figure 3.1 Photographs of the Falling-Film Modes (a) Droplet (Re=1.3) (b) Droplet-
Jet (Re=8) (c) Inline Jet (Re=21) (d) Staggered Jet (Re=41) (e) Jet-Sheet 
(Re=57) (t) Sheet (Re=64) (Taken for Fluid B) 
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Figure 3.2 Schematic of the Falling-Film Modes and Transitions 
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(a) 
(b) 
Figure 3.3 Liquid Jets of Fluid A Falling over Horizontal Tubes 
(a) Re=313 (b) Re=223 
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(a) 
(b) 
Figure 3.4 Liquid Jet of Fluid B Falling over Horizontal Tubes 
(a) Re=21 (b) Re=41 
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(a) 
(b) 
Figure 3.5 Liquid Jets of Fluid C Falling over Horizontal Tubes 
(a) Re=52 (b) Re=97 
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(a) 
(b) 
Figure 3.6 Liquid Jet of Fluid D Falling over Horizontal Tubes 
(a) Re=2.0 (b) Re=6.3 
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(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(9) 
Figure 3.7 Geometrical Shape of Liquid Jets of Fluid A with a Reynolds number of 239 
and Varying Tube Spacing of (a) s=6 mm (b) s=7 mm (c) s=9.1 mm (d) 
s=1O.2 mm (e) s=12.7 mm (0 s=19.9 mm (g) s=31.8 mm 
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(a) 
(b) 
(c) 
(d) 
(e) 
Figure 3.8 Geometrical Shape of Liquid Jets of Fluid B with a Reynolds number of 11 
with Varying Tube Spacing (a) s=6.1 mm (b) s=8.5 mm (c) s=9.1 mm (d) 
s=I1.7 mm (e) s=18.1 mm 
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Figure 3.9 Geometrical Shape of Liquid Jets of Fluid C with a Reynolds number of 108 with 
Varying Tube Spacing (a) s=7.5 mm (b) s=9.5 mm (c) s=1O.9 mm (d) s=12.2 mm 
(e) s=14.5 mm 
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Figure 3.10 Geometrical Shape of Liquid Jets of Fluid D with a Reynolds number of 
3 and Varying Tube Spacing of (a) s=7.5 mm (b) s=9.1 mm (c) s=12.2 
mm 
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Figure 3.11 The Converging Shape of a Liquid Jet Detenmned by Equation (3.5) 
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Figure 3.12 Effect of Reynolds Number on the Jet and Droplet Spacing for (a) 
Fluid A (b) Fluid B (c) Fluid C (d) Fluid D 
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Figure 3.14 Effect of Tube Spacing on the Jet Spacing 
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for Fluid A, d=22.2 mm 
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Figure 3.16 Effect of Reynolds Number on the Falling-Film Mode Transitions 
with Tube Diameter of 15.9 mm 
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Figure 3.17 Effect of Reynolds Number on the Falling-Film Mode Transitions 
With Tube Diameter of 22.2 mm 
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Figure 3.19 Experimental Results for a Jet to Droplet Transition 
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Figure 3.20 Experimental Results for a Droplet to Jet Transition 
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Figure 3.21 Experimental Results for a Jet to Sheet Transition 
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Figure 3.22 Hysteresis At the Transition Between Jet-Droplet and Droplet 
65 
250 
200 
.... 
~ 
g 
150 .... ~ 
! 
I 
'S 
.... 
100 
~ 
50 
0 
0 50 100 150 200 250 
Re Jet to Jet-Droplet 
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Figure 3.24 Hysteresis At the Transition Between Jet-Sheet and Jet 
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Figure 3.25 Hysteresis At the Transition Between Sheet and Jet-Sheet 
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Figure 3.26 Transition Between Stable and Unstable Jet Mode 
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Figure 3.28 Transition from Inline to Staggered Jets 
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Figure 3.32 Effect of Wind Shear on the Jet to Sheet Transition 
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Figure 3.34 Effect of Wind Shear on the Droplet to Jet Transition 
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Figure 3.37 Comparison of the Predictions by Equations (3.19) to (3.26) to the 
Experimental Data in the Present Study 
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Figure 3.39 Comparison of the Predictions Given By Equations (3.27) to (3.30) to 
the Experimental Data in the Present Study 
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Figure 3.41 Comparison of the Predictions Given By Equations (3.29) to the 
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Figure 3.42 Comparison of Prediction of Droplet to Jet Transition by Yung et al. 
(1980) to Equation (3.23) in the Present Study 
78 
1000 
800 
600 
400 
200 
o 
o 100 200 300 400 500 600 
Ga*O.25 
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Figure 3.44 Comparison of Prediction by Honda et al. (1987) of Droplet/Jet 
Tranistion to Equation (3.23) and (3.24) in the Present Study 
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CHAPTER 4 
HEAT TRANSFER RESULTS AND DISCUSSIONS 
In this chapter, results from experiments directed at understanding the impact of 
the falling-film mode on heat transfer behavior are presented. Experiments were 
conducted with several working fluids and a wide range of geometrical and operating 
conditions for each mode. This study represents a fIrst step in understanding the heat 
transfer, as it is restricted to the sensible heating of a subcooled falling film. 
Nevertheless, the results from this case will help in interpreting the flow and heat transfer 
interactions and may, along with the mode predictions from the previous chapter, allow 
an accurate modeling of inundation effects. The mode effects will be considered fIrst, 
then the influence of heat flux, tube diameter, and tube spacing will be considered 
separately. Following that, a new correlation for the average heat transfer behavior of a 
subcooled falling fIlm will be presented. This correlation exploits the mode predictions 
afforded by the maps presented in the previous chapter. 
4.1 Effect of Falling-Film Modes on the Heat Transfer Characteristics 
Since the flow conditions for the sheet, jet, and droplet modes are different, their 
local heat transfer characteristics are considered separately. The average heat transfer 
behavior associated with each of the falling-fIlm modes is then discussed. Data reduction 
details are given in Appendix C. 
4.1.1 Local Heat Transfer Behavior 
A. Sheet Mode 
A typical distribution of the local convective coeffIcient on the surface of a tube 
due to a falling liquid sheet is shown in Figure 4.1. The distribution reflects large 
circumferential variations and smaller axial nonuniformities. The axial distribution 
appears to suggest a periodic behavior in the impingement region, perhaps due to rippling 
or surface waves in the sheet as it impinges on the tube surface. At a Reynolds number of 
584, this flow is near a mode transition. The axially averaged heat transfer behavior is 
shown in Figure 4.2 for the sheet mode at two different Reynolds numbers. The fIgure 
demonstrates that at higher Reynolds number the circumferential variations become even 
more pronounced and there is an overall increase in heat transfer. Heat transfer at the top 
of the tube ( tP =0°) is more affected by the Reynolds number, showing a notable increase 
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in that region. There is a slight increase of the heat transfer coefficient at the bottom of 
the tube ( f/J =180°), where the flow detaches from the tube. 
The heat transfer behavior of the sheet mode can be explained by considering the 
boundary layer development of a liquid film on a tube surface. As shown in Figure 4.3, 
when a liquid film flows onto the top of a tube, fluid is rapidly decelerated in the surface-
normal direction and accelerated in the circumferential direction - this region is usually 
called an impingement or stagnation region. As the fluid flows around the tube, the fluid 
is accelerated by the gravity force and decelerated by the viscous force. A viscous 
boundary layer develops until it extends to the free surface of the film. For fluids with a 
Prandtl number greater than one, a thermal boundary layer develops within the viscous 
boundary layer, and for fluids with Prandtl numbers less than one the thermal boundary 
layer develops ahead of the hydraulic boundary layer. The flow is considered thermally 
fully developed when the boundary layers extend to the free surface. In the stagnation 
region, due to the sharp turning of the flow, the heat transfer coefficient is highest. In the 
developing region, the heat transfer coefficient decreases with increasing thermal 
boundary layer thickness. The rate of decrease in the heat transfer coefficient approaches 
zero as the fluid enters the fully developed region. 
B.JetMode 
A typical distribution of the local heat transfer coefficient for a film falling in the 
staggered jet pattern is presented in Figure 4.4. Unlike the sheet mode, in the staggered 
jet mode there are significant axial and circumferential variations of the heat transfer 
coefficient. A comparison of the local heat transfer coefficient distribution to the 
photograph of the falling jets in Figure 4.4 shows that the heat transfer coefficient is 
locally intense in the jet impingement region. Between each pair of jets, there is also a 
high heat transfer coefficient region (second maximum) coinciding with the interaction 
ring. The heat transfer coefficient elsewhere is generally low with higher values at the 
top of tube, decreasing in the circumferential direction. 
A typical local heat transfer coefficient distribution for an inline jet pattern is 
depicted in Figure 4.5. The heat transfer coefficient also exhibits significant variations in 
both the axial and circumferential directions. Local maxima exist at the jet impingement 
regions. In contrast to a staggered-jet pattern, there is no pronounced secondary 
maximum of the heat transfer between two neighboring jets. However, a discernible 
weak: maximum does exist. 
When circular jets impinge on a tube, the flow decelerates rapidly in the surface 
normal direction and accelerates radially (similar to the sheet mode impingement). The 
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heat transfer is therefore high in the stagnation region due to the sharp turning of the 
liquid. Under viscous and gravity forces the flow develops axially and radially and the 
local heat transfer coefficients decrease as the boundary layers grow. 
For the staggered jet mode, liquid from one impinging jet interacts with liquid 
from a neighboring jet to form a three-dimensional stagnation region with an upward 
velocity normal to the surface. The resulting interaction ring, usually visible midway 
between two neighboring jets, is similar to the so-called 'interaction fountain' described 
by Slayzak et al. (1994a, 1994b) in their study of the interaction between adjacent planar 
or circular jets impinging on a flat surface. Underneath the thick ring (at t/J::;; 180°), a 
new jet forms and carries half of the liquid from the two jets above to a lower tube. The 
spreading of liquid from an impinging jet and the interaction ring are clearly shown in 
Figure 4.6. 
In Figure 4.4, the heat transfer coefficients in the interaction zone and the 
impingement zone are comparable and the interaction zone lies midway between two 
neighboring jets. This is not always the case. When the momentum of two neighboring 
jets is not the same, due to leveling or other possible flow defects, the liquid ring will be 
formed off the center line between the two jets and pushed towards the weaker jet as 
shown by local heat transfer data in Figure 4.7. The amplitude of the heat transfer in the 
interaction zone may be stronger or weaker depending on the momentum of the colliding 
flows (and the associated thermal mixing), which depends on the liquid Reynolds number 
and the tube spacing. At a small tube spacing, or a small Reynolds number, the 
interaction between the neighboring jets is weak, and the heat transfer in the interaction 
zone is lower than in the impingement region. This behavior is demonstrated by the data 
shown in Figure 4.7. 
c. Droplet Mode 
A time-averaged local heat transfer coefficient distribution for the droplet mode is 
shown for typical conditions in Figure 4.8. The heat transfer coefficient varies 
significantly in both the axial and circumferential directions on the tube surface. For the 
droplet mode, the impingement zone is characterized by high heat transfer coefficients, 
and the affected area is larger than that of the jet mode. There are no other areas with a 
local maximum in heat transfer coefficient as in the staggered and inline jet modes. 
The large tube surface area associated with the impingement region is due to the 
size of the droplet. As correlated by Yung et al. (1980), the droplet size is characterized 
by Equation (1.26). For Fluid A, the diameter calculated from Equation (1.26) is about 
83 
8.1 nun, while the jet diameter is about 3 nun as shown in Chapter 3. Thus, the droplet 
has nearly 3 times the jet diameter, and it influences a larger area of the tube surface. 
The absence of local maxima of the heat transfer coefficient between the droplet 
dripping sites as shown in Figure 4.8 is due to the intermittent nature of the droplet mode. 
At small Reynolds numbers, the droplet dripping sites become active alternatively. The 
liquid spreading from a droplet does not meet the liquid spreading from the neighboring 
droplet and the flow is allowed to settle between the drop impacts. It is not hard to 
imagine that when the Reynolds number increases to that approaching a transition to jet 
mode, the interaction zone may become active. This is demonstrated to be so in Figure 
4.9 where the local heat transfer coefficient for a droplet mode under a Reynolds number 
of 156, tube diameter of 22.2 nun, and a tube spacing of 10.9 nun is presented (transition 
to a jet mode is expected at Re-180). Between the two droplet dripping sites, there are 
areas of locally high heat transfer similar to that observed in the staggered jet mode. 
4.1.2 Average Heat Transfer Behavior 
Variation of the average Nusselt number with the liquid flow rate for Fluids A, B, 
and C flowing over horizontal tubes with an outside diameter of 15.9 nun and a tube 
spacing of 15.0 mm are shown in Figures 4.10 to 4.12, respectively. All the figures 
display the following conunon features. At low Reynolds numbers, the liquid film falls 
in the droplet mode, and the average heat transfer coefficients increase sharply with 
increasing Reynolds numbers. At moderate Reynolds numbers, in the jet mode, the heat 
transfer coefficient increases with the Reynolds number at a lower rate. At high 
Reynolds numbers, the liquid falls in the sheet mode. For Fluid A, the heat transfer 
coefficient increases with increasing Reynolds over the whole range of the sheet mode. 
For Fluid B, starting from a low Reynolds number, the heat transfer coefficient in the 
sheet mode decreases slightly and then increases with increasing Reynolds number when 
the Reynolds number reaches -110. For Fluid C, the heat transfer coefficient behaves 
very much like Fluid B, with a slight increase in Nusselt number suggested at Re-400 in 
the sheet mode. 
The dependence of the heat transfer coefficient on the Reynolds number in the 
droplet mode is due to the increase of droplet dripping frequency with Reynolds number. 
Although no systematic measurement of the droplet dripping frequency was conducted in 
the present study, a few measurements during the course of the experiment showed that 
when the Reynolds number of the droplet mode increased from 30 to 100, the droplet 
dripping frequency increased from 1.4 to 2.9 Hz. According to the data by Moalem et al. 
(1978), the droplet dripping frequency increases almost linearly with increasing Reynolds 
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number, and they reported a dripping frequency of about 1.6 Hz at a Reynolds number of 
30 and about 2.8 Hz at a Reynolds number of 100 for Fluid A (Moalem et ai., 1978). 
The heat transfer dependence on Reynolds number in the jet mode is due to the 
increase of heat transfer coefficient in the impingement region for both staggered and 
inline jets. As discussed in the previous section, the heat transfer in the ring region also 
increases with increasing Reynolds number in the staggered jet mode. 
To explain why the heat transfer behavior in the sheet mode differs for the fluids 
used in the experiments, falling film turbulence and waviness effects are examined. 
According to Seban (1978), Fujita and Ueda (1976), and Rogers (1981), the transition 
from laminar to turbulent flow in a falling f11m occurs in the range of Reynolds numbers 
between 1000 and 2000. As the increases in the heat transfer in Figure 4.11 and Figure 
4.12 occur at very different Reynolds numbers, it is speculated that instead of a transition 
from a laminar to turbulent flow, surface waves playa role. 
Surface waves are expected to enhance the heat transfer in falling f11ms since they 
intermittently thin the film, increase the interfacial area, and induce mixing (Carey, 
1992). Zazuli (see Kutateladze, 1963) assumed that the effective film thickness is 
reduced by the action of capillary waves and ripples, and he proposed a correction to the 
Nusselt solution for ftlmwise condensation based on experimental data from a vertical flat 
plate: 
!!:..... = 0.687 Reo.ll 
hNu 
(4.1) 
The beginning of ripple formation on the surface of a laminar film, according to 
an experimental observation by Kapitza (see Kutateladze, 1963), takes place at Re greater 
than Renp, where 
or 
Re =24 L (J [ t]~ 
rip • ",(g(P,-pJ 
.1-
Rerip = 2.4Ga*n if PI »Pv 
(4.2) 
(4.3) 
At a temperature of 3()oC, the above equation gives the Reynolds number where waves 
start to form for Fluids A, B, and C as 24, 9, and 15, respectively. 
Brauer (1956) implies that waves begin to affect laminar ftlm condensation when 
*-B-Re>9.3Ga 
85 
(4.4) 
For Fluids A, B, and C at a temperature of 300C, the above equation gives 
Reynolds numbers of 113, 40, and 73, respectively. The difference between Equations 
(4.3) and (4.4) is that the former provides an indication of when waves will form, and the 
latter gives an indication of when the waviness is sufficient to have an effect on heat 
transfer. Both equations are empirically based. IT waviness is indeed responsible for the 
differing heat transfer behavior, Equation (4.4) may be applied in the following way: For 
Fluid A the sheet mode transition occurs at a relatively high Re and the fIlm may be 
turbulent, but waviness has little effect. For Fluids B and C, Equation (4.4) suggests that 
waviness will have an impact at Re-40 and 73, respectively. However, the Nu increases 
markedly at Re-120 for Fluid B and 400-500 for Fluid C. The above discrepcies may 
imply that waviness affects sensible heat transfer in a different way than it affects 
condensing heat transfer. Unfortunately, the experimental observations do not allow a 
fnm explanation. 
To conclude, the effect of the Reynolds number is different for each of the falling 
fIlm modes, with the strongest effect for the droplet mode, moderate effects for the jet 
mode, and weak effects for the sheet mode. Increasing the Reynolds number enhances 
heat transfer by increasing the impact in the impingement region and the waviness of the 
liquid film on the tube. The effects of heat flux, tube diameter and tube spacing are 
discussed below. 
4.2 Effect of Heat Flux, Tube Diameter, and Tube Spacing 
The tube surface heat flux apparently has little impact on the heat transfer 
coefficient, as shown by the data presented in Figure 4.13. In these experiments, the tube 
size and spacing were fixed at 15.9 mm and 15.0 mm, respectively, and the Reynolds 
number was held at 524 for Fluid A. The average surface heat flux on the tube surface 
varied from 14 to 114 kW/m2. While the surface temperatures varied significantly, there 
was no significant change in the heat transfer coefficient. 
Tube diameter has a significant effect on the Nusselt number as demonstrated by 
the data shown in Figure 4.14. In the figure, open symbols are for a tube diameter of 15.9 
mm, and solid symbols are for a tube diameter of 22.2 mm. The heat transfer coefficient 
is larger for the small tube over the whole range of Reynolds numbers covering the 
droplet mode to sheet mode. The tube diameter effects may be explained in terms of 
boundary layer development by examining the local heat transfer coefficients shown in 
Figure 4.15. These data were obtained at a Reynolds number of 1040, a Prandtl number 
of 5.8, and a tube spacing of 15 mm using two different tube diameters. As can be seen, 
for small tube diameters, the developing boundary layer occupies a larger fraction of the 
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total heat transfer area. This behavior results in a larger average heat transfer coefficient. 
For the jet and droplet modes, the flow is highly three dimensional, and since the 
impingement region occupies a larger portion of the total area, the average heat transfer 
coefficients are also higher for small tubes. 
Tube spacing does not show a significant effect on heat transfer for the falling 
film in a droplet or sheet mode, but has an effect on the heat transfer of the jet mode as 
shown in Figure 4.16. For the droplet mode, increasing tube spacing increases the 
impingement velocity and decreases the impingement area. For the jet mode, an increase 
in the tube spacing is accompanied by an increase of the heat transfer coefficient in the 
impingement and ring region of the tube, resulting in a larger area of high heat transfer 
coefficient. For the sheet mode, as can be seen from the local data presented in Figure 
4.17, an increase in tube spacing only affects the heat transfer coefficient near the top of 
the tube; however, the area average is not significantly affected by these localized effects. 
Therefore, the tube spacing significantly affect the mean heat transfer coefficient in the 
sheet mode. 
4.3 A New Heat Transfer Correlation 
As discussed above, the falling-film mode, Reynolds number, tube diameter, and 
the thermophysical properties have significant effects on horizontal-tube falling film heat 
transfer. Tube spacing has a weak: influence. Based on these observations, a 
dimensionless analysis of heat transfer for falling film modes is performed and presented 
in Appendix A. Four dimensionless groups are found to affect the heat transfer of falling 
film over horizontal tubes: Reynolds number, Re; Archimedes number based on the tube 
diameter, Ar; Prandtl number, Pr; and the dimensionless tube spacing. Prandtl number 
gives the ratio of momentum diffusion rate to thermal diffusion rate. Archimedes number 
represents the ratio of gravity (or buoyancy) forces to viscous forces based on the tube 
diameter. Correlations are developed for sheet, jet, and droplet modes separately using a 
least-squared error regression of the data. There are a total of 291 heat transfer 
observations, of which 147 are for sheet mode, 89 for the jet mode (including both 
staggered and inline jets), and 55 for the droplet mode. 
For the droplet mode, the following correlation is obtained: 
Mean Deviation 
( 
2 3 )-0.27 ° 04 
Nu = O.113Reo.85 PrO.85 p :: (~) . 6.1% (4.5) 
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For the jet mode, 
( 
2 3 )-0.23 ° 08 
Nu = 1. 378 ReO.42 PrO.26 p :: (~) . 6.3% (4.6) 
For the sheet mode, 
( 
2 3 )-0.20 ° 07 
Nu = 2. 194 ReO.28 Pr°.14 p :: (~) . 6.5% (4.7) 
In the above equations, all the fluid properties are based on the liquid inlet temperature. 
The applicable range of the physical parameters for the above equations is given in Table 
4.1. The comparisons of the predicted Nusselt numbers to the experimental data for the 
droplet, jet, and sheet modes are shown in Figures 4.18 to 4.20, respectively. 
Re Pr (_p2gd3) sId 
Ar - 2 
Jl 
4-2060 4.8 -75.6 6.7* lOS -1.8* lOS 0.3 -5.2 
Table 4.1 Range of the Physical Parameters for Equations (4.5) to (4.7) 
From the above correlation it can be seen that the Nusselt number increases with 
Reynolds number and Prandtl number, and decreases with Archimedes number for all 
three modes. Tube spacing has a weak: effect on the Nusselt number. Furthermore, the 
Nusselt number dependence on the flow Reynolds number, liquid Prandtl number and 
Archimedes number differs greatly from one mode to another. A high dependence of the 
heat transfer coefficient on the Reynolds number is seen in the droplet mode. A much 
lower dependence of the Nusselt number on the Reynolds number is seen in the jet mode. 
Sheet mode has the lowest Reynolds number dependence. The high dependence on the 
Reynolds number in the droplet mode is due to the rapid increase in the droplet departure 
frequency when increasing the flow rate, as discussed previously. The dependence of the 
Nusselt number on the Prandtl number is highest for the droplet mode and lowest for the 
sheet mode. The high Prandtl number dependence in the droplet mode indicates a strong 
deviation of the flow from boundary-layer-type of flow due to the intermittent 
impingement of the droplets. 
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4.4 The Effect of a Flowing Gas on Falling-Film Heat Transfer 
The effect of shear due to a concurrent air flow on falling film heat transfer is 
shown in Figure 4.21. These data were obtained using Fluid A with a tube diameter of 
19.5 mm and tube spacing of 15 Mm. All three falling-film modes were examined. The 
Weber number, 
(4.8) 
is used in characterizing the ratio of the inertial to surface tension forces. As seen from 
Figure 4.21, increasing the Weber number consistently increases the heat transfer 
coefficient for the three modes. However, the effect was small in all three modes. In 
Figure 4.22, the experimental Nusselt number with a gas flow is plotted against the 
prediction using heat transfer correlations Equations (4.5-4.7) developed for the quiescent 
conditions. Data were collected with a tube spacing of 15 mm and 50 mm for Fluids A 
and B. Overall, the effect of wind shear on the heat transfer of Fluid A was small. 
Comparing the data of Fluid A under the two tube spacings, it is seen that wind shear has 
a more significant effect on the heat transfer coefficient for the larger tube spacing. This 
is because at small tube spacing, the tubes may be located in the wake of the upstream 
tube. 
A comparison of the data with wind shear at a tube spacing of 15 mm for Fluid A 
to Fluid B shows that shear has a much stronger effect on the heat transfer of Fluid B. 
This is because for Fluid A the presence of the wind does not affect much of the 
originally wavy and unstable character on the liquid film, but for Fluid B, the liquid film 
was smooth and stable under quiescent conditions, and applying shear may generate 
waves and ripples on the film and increase the heat transfer coefficient. 
4.5 Comparison to Data from the Literature 
Predictions from the new corrlations are compared to the experimental data for 
droplet and jet modes by Ganic and Roppo (1980) in Figure 4.23. In their study, heat 
transfer measurements were conducted by imbedding four thermocouples at 90 degree 
intervals around the tube circumference at one axial location. Distilled water was used 
with a tube diameter of 25.4 Mm. As can be seen from the figure, their data are generally 
over-predicted by the correlation, with a mean deviation of 11 % for the droplet mode and 
16% for the jet mode. The modes associated with their data were determined using 
Equations (3.32) for the purpose of making this comparison. The difference is possibly 
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due to the larger tube they used, since the maximum tube diameter used in the present 
study is 22.2 mm; however, the discrepancy may also be due to the finer spatial 
resolution obtained in the current study. 
Comparison to the experimental data of Przulj and Ganic (1990) for the droplet 
and jet modes is shown in Figure 4.24. In that study, the heat transfer coefficient was 
defined as: 
h = q (4.9) 
Tw-T, 
where T, is the mean bulk temperature of the liquid film. As can be seen from the 
figure, the data were scattered with higher values than predicted. As the liquid film is 
heated over the circumference, the local liquid bulk mean temperature T, is always 
higher than the liquid inlet temperature used in defining the heat transfer coefficient in the 
present study. The higher liquid temperature gives lower temperature difference between 
the wall and the liquid, resulting in higher heat transfer coefficients. 
A comparison of the predicted heat transfer coefficient to the experimental data of 
jet and sheet modes by Mitrovic (1986) is shown in Figure 4.25. In Mitrovic's study 
(1986), heat transfer data were obtained for a test tube 18 mm in diameter at various tube 
spacings from 12 mm to 87 mm. The data seem to be very well correlated by the heat 
transfer correlations developed in the present study with consistently lower values than 
predicted. The reason for this discrepancy is unclear. 
4.6 Summary 
The local heat transfer coefficient distributions for the sheet, staggered jet, inline 
jet, and the droplet modes were presented. Heat transfer for the sheet mode is two 
dimensional with large variations along the circumferential direction. The local heat 
transfer coefficient is characterized by the impingement region, boundary layer 
developing region, and the fully developed region. Heat transfer for the staggered jet, 
inline jet, and droplet modes is highly three dimensional, with local maxima at the 
impingement regions. Between two jets or droplets, a peak of heat transfer coefficient 
can also occur depending on the impingement momentum and the jet or droplet 
interactions. For a staggered jet mode, a peak is almost always present between two jets. 
For the inline mode, a weak peak exists due to the reduction of the film thickness in 
between two jets. For the droplet mode, a peak between two droplet impingement sites 
can occur at high Reynolds numbers when the droplet departure frequency increases to a 
point where a strong interaction between the two sites becomes possible. 
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The heat transfer coefficient is dependent on the fluid thennophysical properties, 
the Reynolds number, the tube diameter, and the tube spacing. However, the dependence 
is different for the different falling film modes. Overall, the heat transfer coefficient 
increases with increasing Reynolds number, increasing tube spacing, and decreasing tube 
diameter. The average heat transfer coefficient can be predicted using Equations (4.5) to 
(4.7) for each of the falling fllm modes. 
The presence of a concurrent air flow has a positive effect on the heat transfer of 
falling fllm modes. Increasing the air velocity increases the heat transfer coefficient. The 
effect of the air flow is not significant at small tube spacings (See Figure 4.22), but 
becomes pronounced at a large tube spacing. The effect of the air flow also depends on 
the fluid properties. For fluids capabie of forming waves easily at quiescent conditions, 
the air flow has a small effect. For fluids that are stable and wave free under quiescent 
conditions, the air flow has a larger effect. 
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CHAPTER '5 
I 
CONCLUSIONS AND RECOMMENDATIONS 
Hydrodynamics and heat transfer experiments were conducted to study the falling-
ftIm mode transitions and effect on heat transfer. Five different working fluids were used 
in an experimental apparatus that allowed detailed observations with and without a 
concurrent flow of air. The effects of fluid properties, flow rate, tube diameter and 
spacing, heat flux and air velocity were examined. This study provides a better 
understanding of falling-film flow and heat transfer phenomena, and it helps establish a 
basis for falling-film heat exchanger design and modeling. In the sections that follow, the 
important results are summarized, their engineering implications are discussed, and 
recommendations for future research in this area are provided. 
5.1 Summary 
Three falling-film modes previously identified in the literature were observed in this 
study: the sheet, jet, and droplet mode. In addition, two intermediate or transitional modes 
were also identified, namely the sheet-jet and jet-droplet modes. Furthermore, the jet mode 
was found to exhibit two distinct flow patterns. These jet flow patterns were related to the 
impingement and departure site arrangement on a tube. When jet departure sites were 
located directly beneath impingement sites, the flow was said to be an inline jet mode. If, 
however, the departure sites were located between impingement sites, the flow was said to 
be in a staggered jet mode. The physical mechanisms for the mode transitions were 
discussed, and flow regime maps were developed from a dimensional analysis and the 
experimental data. These unique observations, new flow classifications, and novel flow 
regime maps provide the clearest and most complete description of the intertube falling-film 
mode to date. 
The mode characteristics were studied in detail. In accordance with an earlier 
simplified stability analysis, the jet and droplet spacing was found to depend strongly on 
fluid density and surface tension. However, other factors such as liquid flow rate and tube 
spacing were found to have an effect. Mode transitions were governed by the film 
Reynolds number and a modified Galileo number. This behavior reflected the importance 
of inertial, viscous, capillary and gravitational effects. Hysteresis was measured at each 
mode transition by conducting experiments with increasing and decreasing liquid flow 
rates. In application, the flow rate in a falling-film heat exchanger will increase with 
condensation and decrease with evaporation. The fact that hysteresis was not pronounced 
allowed the development of a simplified flow regime map. 
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The heat transfer characteristics for each mode were also studied in detail and 
related to the flow characteristics. Local heat transfer behavior in the sheet mode was 
found to exhibit strong circumferential variations and weak axial nonuniformities. Heat 
transfer was highest in the impingement region and decreased as the flow developed. The 
jet and droplet modes displayed strong axial and circumferential variations in heat transfer. 
Again, heat transfer was high in the impingement region and decreased as the flow 
developed; however, the details of the distribution depended on the heat transfer and flow 
interactions. For example, the staggered jet pattern had local Nusselt number maxima 
associated with the jet impingement region and the interaction ring (due to the interaction of 
neighboring jets). The inline pattern showed pronounced local maxima only at the jet 
impingement regions. The droplet mode behaved much like the jet mode in a qualitative 
sense, but the Nusselt number maxima were not as localized. 
5.2 Engineering Implications 
The hydrodynamic and heat transfer results obtained from this study have a direct 
engineering impact on data interpretation, and on the design and modeling of falling-film 
heat exchangers. The results also provide a clearer understanding of falling-film related 
phenomena such as fllm breakdown. These implications are discussed below: 
• Interpreting Falling-Film Heat Exchanger Data 
For a known fluid and operating Reynolds number, this work allows an accurate 
prediction of the falling film mode. Since sensible heat transfer behavior is strongly 
dependent on the flow pattern (and this will likely be the case for latent heat transfer as 
well), knowing the mode is important for understanding the thermal performance. A 
clear interpretation of thermal data is not possible unless the falling film mode is 
considered. 
• Modeling and Designing Falling-Film Heat Exchangers 
Using the results of this study, a complete model of a falling-film heat exchanger is 
possible for the sensible heating or cooling, condensation, or evaporation of a liquid 
flowing over horizontal tubes. A general methodology is outlined below: 
(1) Use the flow regime maps to determine the falling-film mode for a specified or 
calculated liquid Reynolds number and Galileo number. For condensing or 
evaporating flows, the impinging mode should be based on the Reynolds number at 
the top of the tube. This approach should be undertaken with some caution, as the 
flow maps were developed for cases where no condensation or evaporation 
occurred. 
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(2) Use approach (a) or (b) below: 
(a) Knowing the falling-film mode, establish a geometrical model of the flow. For 
the sheet mode, a two-dimensional model would suffice, but for the jet or 
droplet modes, a three dimensional model is needed. Jet or droplet spacing can 
be approximated using Equation (1.22) (a small correction could be applied 
using the results presented in Figure 3.12). With a geometrical model 
established, use conventional methods to solve the coupled flow and energy 
equations to predict the tube Nusselt number. 
(b) Knowing the falling-film mode, select an appropriate heat transfer correlation 
from Chapter 4 (or from the open literature) that will allow a prediction of the 
Nusselt number. 
(3) For a falling-fllm heat exchanger dominated by sensible heat transfer, the prediction 
obtained from step (2) can be applied in the usual manner with an appropriate 
temperature difference to predict the overall heat duty of the exchanger. For cases 
dominated by latent effeCts, the calculations must be performed on a row-by-row 
basis. Evaporation and condensation change the local Reynolds number; therefore, 
the falling-film mode and tube Nusselt number could change as the liquid flows 
through the heat exchanger. 
The falling-film flow map is a useful design tool, allowing the engineer to predict the 
flow pattern and therefore heat transfer in falling-film heat exchangers. 
• Understanding and Predicting Falling-Film Breakdown 
Due to the intermittent nature of the flow, fllm dry out is more likely to occur in the 
droplet mode. The tools provided in this study will allow the designer to predict and 
avoid cases where the film may exhibit the droplet mode and be susceptible to dry out. 
According to Przulj and Ganic (1991), the primary cause for subcooled liquid fllm 
breakdown is Marangoni effect (or thermocapillary effect), which is related to the local 
temperature distribution. The local heat transfer results for the droplet mode, presented 
in Chapter 4, could provide a first step in understanding and predicting dry out. 
5.3 Recommendations for Future Research 
• Since the heat transfer mechanisms during evaporation and condensation differ from the 
sensible heating case, the falling fllm mode may affect latent heat transfer differently 
than it does sensible heat transfer. While this work provided a first step, further 
research is needed to understand how the falling-film mode affects latent heat transfer 
behavior. 
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• Due to the experimental approach of this study, the effects of a vapor flow on the 
hydrodynamics and heat transfer of a falling film remain somewhat unclear. Only 
limited results were obtained. Further work, over a wider Reynolds number range, 
should be conducted. A closed-loop condensation or evaporation wind tunnel should 
be used, to allow for a flowing vapor during phase-change heat transfer. Research 
should also be undertaken to determine in detail the vapor flow behavior for falling-film 
heat exchangers in application. 
• The simplified model used in Appendix D to predict jet shapes should be improved. 
The fIrSt step should be to develop a model that will remove the need to assume the 
initial conditions of the liquid/vapor interface (the starting angle). Further refinements 
could include the modeling of viscous effects, and two-dimensional velocity profIles. 
• The results obtained for the local heat transfer behavior could be combined with 
modeling to achieve better predictions of film breakdown. 
• This research could be extended to consider more complicated tube geometries. In 
particular, noncircular cylinders could be considered, as could enhanced tube surfaces. 
• Methods for delaying the onset of the sheet mode could produce an enhanced heat 
exchanger performance by allowing the heat transfer behavior of the jet mode to be 
extended to high Reynolds numbers. This may be advantageous since the Nu 
dependence on Re is stronger in the jet mode than in the sheet mode. One method for 
achieving this goal could be the use of destabilizing forces from electric fields. Further 
research into enhanced falling-film heat transfer is needed. 
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APPENDIX A 
DIMENSIONAL ANALYSIS OF FALLING·FILM MODE TRANSITIONS 
AND HEAT TRANSFER 
For a falling-film flow on horizontal tubes, there are 7 parameters which may 
affect the flow mode transitions. They are the flow rate per unit length on the tube r 
(kg/s-m), liquid viscosity p. (N' s / mZ), liquid density p (kg / m3 ), surface tension u 
(N/m), tube diameter d (m), tube spacing s (m), and gravity g (m / S2). Applying the 
Buckingham Pi theorem, there are four dimensionless groups for the seven physical 
parameters governing the falling-fIlm modes. 
The following combination of the seven parameters is examined to obtain the four 
dimensionless groups, 
II = rei p. C2 pC, cr4 dCs sC6 gC7 (A. 1 ) 
written in terms of the basic dimensions of each parameter, we have 
(kgs-1m-1tl (kgs-1m-1t 2 (kgm-3t' (kgs-Zt 4 (mts (mt6 (ms-Zt 7 (A.2) 
let II be dimensionless; we have 
{
Cl +CZ +c3 +c4 =0 
-c1 - Cz - 2c4 - 2c7 = 0 
-c1 - Cz - 3c3 + Cs + c6 + c7 = 0 
(A.3) 
Choosing r, d ,s, and g to occur only once in the dimensionless groups, the four 
dimensionless groups are formed by letting 
C1 1 0 0 0 
Cs 0 1 0 0 
= (A.4) 
c6 o ' o ' 1 ' 0 
c7 0 0 0 1 
Then we obtained the solutions for equation (A.3) as 
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Cl 1 0 0 
c2 -1 -2 -2 
c3 0 1 1 
c4 = 0 1 1 
CS 0 1 0 
C6 0 0 1 
c7 0 0 0 
The four dimensionless variables can then be written as 
r pud pus 
-2-' -2' 
/1 /1 /1 
The above four parameters can be reorganized as: 
2r III =-=Re 
/1 
II = pud = Oh 
2 /12 
p(J3 
Il4 =--=Ga* /14g 
0 
4 
-1 
-3 
0 
0 
1 
Therefore, for quiescent conditions, the falling-film modes are governed by 
Mode = function(Re, Oh, s / d, Ga*) 
(A.S) 
(A. 6) 
(A.7) 
(A. 8) 
(A.9) 
(A. 10) 
In other words, the falling-film mode transition Reynolds number is a function of the 
Ohnesorge number, dimensionless tube spacing, and Gali1eo number. As shown in 
Chapter 3, both tube spacing and tube diameter do not have significant effects on the 
falling-film mode transitions over the range studied; therefore, the falling film mode 
transitions are a function of Ga * as proven in Chapter 3. 
Likewise, the heat transfer coefficient h (W I (m2 K ) could be expected to depend 
on the flow rate r (kg/s-m), /1 (N-s/m2), liquid density p (kg/m3), cp (J/kg-K), k (W/m-
K), d (m), s (m), g (m/s2), and the falling-film mode. There are totally 9 parameters 
involved which results in a total of S dimensionless parameters in addition to the falling-
film mode. The combination of the 9 parameters is written as: 
(A. 11) 
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Written in tenns of the basic dimensions, we have 
Making the above tenns dimensionless, the following linear equations are obtained: 
C1 + Cz + c3 + c4 + c6 = 0 
c1 +cs +c6 =0 
3c1 + Cz + c3 + 2cs + 3c6 + 2c9 = 0 
-cz - c3 - 3c4 + 2cs + c6 + c7 + cg + c9 = 0 
(A. 12) 
Choosing h, r , C p , s , and g to occur once in the dimensionless groups, the above 
equations are solved by letting 
1 o 0 0 0 
Cz 0 1 000 
1 , 0, 0 Cs = 0, 0, 
Cg 0 0 0 1 0 
~ 000 0 1 
The solutions for Equations (A. 12) are obtained as 
1 
o 
-1 
1 
o 
o 
o 
1 
o 
o 
o 
o 
-1 1 0 
o 0 0 
010 
o -1 0 
o 0 -1 
001 
o o o 
o 
o 
-2 
2 
o 
o 
3 
o 
1 
The five dimensionless variables can then be written as 
hd II=-
I k 
2r IIIl =-=Re 
11 
119 
(A. 13) 
(A. 14) 
(A. IS) 
(A. 16) 
_ J.lCp _ IIlll--- Pr 
k 
s 
II =-IV d 
(A. 17) 
(A. 18) 
p2d3g llv = 2 = Ard (A. 19) 
J.l 
It is common to express the Nusselts number based on a length scale of (v2 / g)t in 
falling-fllm studies as 
Nu= h(y)t = III 
k g IIi 
(A. 20) 
Therefore, Nusselt number can be expressed as a function of the falling film mode, 
Reynolds number, Prandtl number, dimensionless tube spacing, and Archimedes number: 
Nu = function(mode, Nu, Re, Pr, s / d, Ar) (A.21) 
In both the falling-film mode transition analysis and the heat transfer analysis, if 
the air velocity and density are added to the pertinent physical variables, then the Pi 
theorem yields two more dimensionless quantities as 
We= PgUid (A.22) 
(J 
and 
. Pg (A.23) R=-p P, 
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APPENDIXB 
FLUIDS USED IN THE TESTS 
The test fluids used in the experiments and their relevant properties are listed in 
Table B.I. Fluids A to E were used in the hydrodynamic tests, and Fluids A to C were 
used in the heat transfer tests. 
A water p = 1004.4 exp(-0.OOO2974t) 25 -40°C Bejan, 1984 
J1 = 0.00251- 0.001159Log(t) 
k = 0.55 + 0.002t 
=4189.7-0.1'1;1 
B 92.4 % (by P = 1154.24 exp(-O.OOO6064t) 25 -40°C Dow 
weight) J1 = 0.04306 - 0.02281 Log( t) Chemical 
ethylene glycol k = 0.2683 + 0.OOO225t Company, 
and 7.6% cp = 2206.3+6.0913t 1994 
inhibitors and 
water 
C 45% (by P = 1080.88 exp(-0.OOO523t) 25 -40°C Dow 
weight) Fluid B J1 = 0.007834 - 0.003818 Log(t Chemical 
and 55% water k = 0.4041 +0.OOO779t Company, 
= 3396.9+ 3.3923t 1994 
D hydraulic oil p = 886.32 exp( -0.00 1183t) 25 -40°C Chevron 
J1 = 0.2518 - 0.141 Log(t) Research & 
Technology 
Co. 1994 
E ethyl alcohol p = 806.58 exp(-O.ool1t) 25 -40°C Beaton and 
J1 = 0.002831- 0.001254 Log(t Hewitt, 1989 
where: p kg/m3, J1 N-s/m2, k W/moC, and cp J/kg-K. 
Table B.1 Basic Properties of the Fluids Used in the Tests 
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In Table B.2, the fluid properties at a temperature of 30°C are shown. Surface 
tension of the fluids is also an important parameter in the study. Surface tensions were 
measured during the course of the experiments with a Du Nouy Ring Tensiometer as 
described in Chapter 2. Measured surface tensions for Fluids A to E are also listed in 
Table B.2. Prandtl numbers and Galileo numbers based on the capillary constant are also 
calculated and listed in the table. 
A 995.4 0.000798 0.0681 4177.7 0.61 7.902E+1O 530.2 5.47 
B 1133.4 0.00937 0.0477 2389.0 0.275 1. 629E+6 35.7 81.36 
C 1064.1 0.00219 0.0541 3498.7 0.427 7.407E+8 165.0 17.96 
D 855.4 0.0435 0.0308 709.85 5.2 
E 780.4 0.000979 0.0223 9.616E+8 176.1 
TableB.2 Properties of the Test Fluids at a Temperature of 30°C 
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APPENDIXC 
DATA REDUCTION PROCEDURE AND UNCERTAINTY ANALYSIS 
1. Data Reduction Procedure 
The basic quantities calculated are the Reynolds number, Galileo number based 
on capillary constant, and Weber number for the hydrodynamic experiment. For heat 
transfer experiments, in addition to the above parameters, the Prandtl number, 
Archimedes number, and Nusselt number are also calculated. The defmitions of each of 
the above parameters are listed in Table C.l. 
Re 
Ga* 
We 
Pr 
Nu 
k g 
Table C.1 Definition of the Dimensionless Physical Parameters 
All the physical properties of the fluids in the above table are based on the fluid inlet 
temperature. 
Calculations of most of the parameters are straight forward; however, two 
parameters need further explanation, the Weber number and the Nusselt number. 
In calculating the Weber number, the density of air, P"~ and the free stream 
velocity, Ug , are determined frrst. The free stream velocity of air is determined through 
pitot -static measurements: 
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u=t~ g Pg (C.1) 
Where ilp is the pitot-static pressure difference detennined by the manometer, and Pg is 
the air density. 
To account for humidity content in the air, the density was calculated using 
(C.2) 
where, Pair is the dry air density and OJ is the absolute humidity of the air. The absolute 
humidity of the air is related to the relative humidity by 
OJ = lP M H20 Psat (C.3) 
Mair Pa - lPPsat 
where Psat is the saturation pressure of water at the lab temperature, Pais the 
thermodynamic pressure in the lab, and Mair and MH 0 are the molar mass of air and 
2 
water, respectively. Combining Equations (C.2) and (C.3), and considering the dry air to 
be an ideal gas 
P . = Mair(Pa - t/JPsat) 
air R T 
M 
(C.4) 
where RM is the universal gas constant 8.314 kJ/kmol-K. The density of the air is then 
calculated by 
(C.5) 
In calculating the local or average Nusselt numbers, it is necessary to first 
detennine the local heat transfer coefficient using 
q;; h = (C.6) 
Tw-Tf 
where q: is the local heat flux at the outer surface, and Tw and Tf are local temperature 
of the outer surface and fluid inlet temperature, respectively. Due to the variation of the 
local heat transfer coefficient and the high conductivity of the specimen, the heat flux at 
the outer surface of the tube may not be uniform - the design helps to ensure that the 
imposed flux is uniform. To account for possible variations, the outside surface heat flux 
is detennined by solving the steady state heat equation within the test specimen subject to 
the experimentally measured and imposed boundary conditions, namely: 
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v • q" = .!~(kr or) + 1-~(k or) + ~(k or) = 0 (C.7) 
r iJr iJr r2 dt/J dt/J dz dz 
It has been assumed that there is no volumetric heat generation within the test tube, and 
the thermal conductivity is isotropic (but not necessarily homogeneous). The following 
boundary conditions describe the experiment: 
-k orl = qi' (imposed) 
iJr r=r. 
I 
(C.8) 
(C.9) 
T(r,t/J = O,z) =T(r,t/J = 2n,z) (periodic) (C.lO) 
orl = orl = 0 dz .=0 dz z=L (adiabatic) (C. 11) 
From Newton's Law of cooling and Fourier's law 
h- 0 -q" k orl 
- Tw -Tj - (Tw -Tj ) iJr ro 
(C. 12) 
Equations (C.6)-(C.12) were solved by iterating on the convective heat transfer 
coefficient until its spatial distribution provided calculated surface temperatures that 
agreed with the measured data to within a specific tolerance at every point on the tube 
surface. 
The average heat transfer coefficient was calculated by integrating the local heat 
transfer coefficient based on an assumption of a uniform heat flux on the outside surface 
of the tube: 
Ii = 1 JJ h( t/J, z )dA 
21CroL A 
(C.13) 
The average Nusselt number is calculated using 
- 2 1 
- h VI -Nu=-(-P 
kl g 
(C. 14) 
2 Uncertainty Analysis 
Applying the method of Moffat (1988) to each of the parameters in Table (C.1) 
results in expressions for the uncertainties for each of the parameters. 
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Film Reynolds number 
(s~e)r =(~r +(~J (C.15) 
Galileo number 
(S~~')J =(~J +,s:r +l{~J (C. 16) 
Weber number 
(S~e)r =( ~' J +z( ~' J +( ~r (C.16) 
where, 
8p 2 or 2 (Mair - MH20 )Psar8lp (p:) =( T) +( M..,p.-q>(M",-MH'O)P~ J (C.17) 
and 
(SU, J =~( S(L¥»J +~( Sp, J 
Ug 2 8.p 2 Pg 
(C.18) 
Prandtl number 
(S~:)r =(~J +(~: J +(~r (C. 19) 
Archimedes number 
(S~~)r =Z(~J +{~r +z(~J (C.20) 
Nusselt number 
(S~:)r =(~r +(~r + :(~r + :(~J (C.21) 
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where, 
(C.22) 
where, ~T = Tw - T f • The uncertainty of q; may be approximated as that of q;, thus 
(C.23) 
In the above equations, the uncertainty of the fluid properties are considered to be 
induced by the uncertainty of the temperature on which the properties are based. For the 
experiments reported in this dissertation, the above equations predict the typical 
uncertainties given in Table C.2. 
Table C.2 Typical Uncertainties of the Parameters in Table C.1 
Re Ga* We Pr Ar Nu 
1% 3% 5% 0.7% 1% 7% 
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APPENDIXD 
A SIMPLE ANALYSIS OF LIQUID COLUMN SHAPES 
As shown in Chapter 3, when liquid jets fall between horizontal tubes, the liquid 
columns take different shapes. The shapes are mostly detennined by the liquid properties 
and the tube spacing. The following analysis is performed in an attempt to predict the 
geometric shapes shown in Chapter 3. 
For the steady, incompressible, axisymmetric flow of a Newtonian fluid with 
constant properties, the governing equations for a liquid jet as shown in Figure 0.1 can be 
written as 
1 iJ iJu, 
--(ru )+-=0 
r iJr r iJz (D.1) 
(D.2) 
p(u,. _i}u_r + U _iJu,._) = __ $ + J.l(_iJ2_Ur + _iJ (!_iJ(:--ru~r »)) 
iJr Z iJz iJr iJz2 iJr r iJr 
(D.3) 
At the free surface r = x(z), the pressure obeys the Young-Laplace equation: 
(D.4) 
where R} and R2 are the principal radii of the free surface. 
As a ftrst-step approach, assume the liquid is inviscid and u, = u,(z) , we have 
1 p+pgz+-pu; =C1 2 
Combining with Equation (D.4), we have for the free surface of a liquid column 
-+- +pgz+-pu; =C1 ~ 1 1) 1 Rl ~ 2 
(D.5) 
(D.6) 
Nondimensionalize the above equation using the capillary constant, a = .J (II pg, by 
letting R; = R1la, ~ = ~/a, and z· = zla. Equation (D.6) becomes 
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From continuity of mass, 
1 1 * pa u; a 
-+-+z +--=c-~* ~ (12 1(1 
G 
Uz =--2 p1CX 
(D.7) 
(D.8) 
where, G is the mass flow rate through one single liquid column. For falling film in the 
jet mode, G = rll, where r is the mass flow rate per unit length of the tube. Let 
x* = x/a, f3 = G2/(2n2p(1a3 ), and C* = C1 a/a, then Equation (D.7) becomes 
1 1 * 1 * 
R* + R* + Z + f3-;;r = C (D.9) 
1 2 x 
To see the physical meaning of the constant C* in the above equations, apply 
Equation (D.6) to the fluid close to z = H and x ~ 00. As the surface curvature tends to 
be zero there and assuming velocity be negligibly small, we have 
(D. 10) 
or C* -H* (D. 11) 
Therefore, larger C* implies large tube spacing. 
Applying the definitions of the principal surface radii, Equation (D.9) can be 
written as 
(D. 12) 
For liquid columns, solving the above equation is difficult because dz * / dx * ~ 00 at 
certain locations. Adopting Boucher's (1980) method, using the arc length S* as the 
independent variable, Equation (D.12) becomes: 
dt1> sint1> * f3-1--C* 
*+ * +z+ *4-dS x x 
dx* 
-=cost1> dS* 
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(D. 13) 
(D. 14) 
dz· . .m 
-=szn..., dS· (D. 15) 
with boundary conditions: 
z· =0 at S· =0 
• • S· -- 0 x =xo at 
(D. 16) 
(D. 17) 
tP = tPo at S* = 0 (D.18) 
where tPo and x~ are unknown. In the present analysis, an initial value of tPo is 
assumed and x~ is approximated by assuming the velocity at z=O as 
UZo ::;:~2gH (D. 19) 
and 
xo={pf. (D.20) p1CUzo 
Equations (D.13) to (D.18) are solved using fourth-order Runge-Kutta numerical 
integration method until tP ~ 0 (z· ~ H*). 
Results from the numerical analysis for a liquid jet of a flow rate of 0.003 kg/s 
with a surface tension of 0.071 N/m under various C* are shown in Figures D.2 to D.9. 
Comparing the results to Figure 3.7, where photographs of liquid jets for Fluid A at 
various tube spacings were shown, the analytical results show qualitative agreement with 
the experiment. For example, Figure 3.7(a) is similar to Figure D.2, Figure 3.7(b) to 
Figure D.3, Figure 3.7(c) to Figure D.4, Figure 3.7(d) to Figure D.5, and so on. 
Figures D.2 to D.9 were obtained by assuming the initial angle tPo = 450 • As 
shown in Figure D.10, the value of the initial angle does not have a significant effect on 
the qualitative shape of the liquid column. 
The above analysis is crude and could possibly be improved by the following 
considerations: 
1. Treatment of initial values of x and <1>: As discussed in Chapter 3, there is 
always a liquid 'bridge' at the bottom of the liquid jet (z=O). The values of x and <I> might 
be obtained by a match between the top pendent drop geometry and the bottom 'bridge' 
geometry. 
2. Account for two-dimensional velocity profiles. 
3. Account for viscous effects. 
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The flrst consideration is probably the most important, as it would remove the 
need to assume 410 • 
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Figure D.l Coordinate Used in the Analysis of a Liquid Jet 
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Figure D.2 The Liquid Jet Shape with C*=l 
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Figure D.3 The Liquid Jet Shape with C*=2 
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Figure D.4 The Liquid Jet Shape with C*=2.5 
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Figure D.5 The Liquid Jet Shape with C*=3 
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Figure D.6 The Liquid Jet Shape with C*=4 
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Figure D.7 The Liquid Jet Shape with C*=5 
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Figure D.8 The Liquid Jet Shape with C*=6 
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Figure 0.9 The Liquid Jet Shape with C*=7 
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Figure 0.10 The Effect of the Initial Angle on the Liquid Jet Shape (C*=3) 
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APPENDIXE 
A DISCUSSION OF THE PARAMETER Ga * 
One of the governing parameters, Ga*, of falling-fIlm modes is also frequently 
seen in other studies concerning fIlm flows such as fllm break-down and wave fonnation. 
However, this parameter is often seen in a hidden fonnat and its existence and importance 
may not be clear. As a matter of fact, Ga * is closely associated with the Kapitza number, 
* 1 pc? Ga =-=--
Ka Jl4g 
In the following, fllm dry-out and wave fonnation are discussed with a focus on 
the role of the parameter pc? / Jl4 g . 
1. Film Break-Down 
The breakdown of falling films refers to the formation of a dry-patch on the heat 
transfer surface. Film breakdown occurs when the liquid flow rate is too low (or the heat 
flux too high) to sustain a continuous liquid fIlm on the tube surface. The fonnation of 
dry patches reduces the effectiveness of the devices, and in some cases causes dangerous 
increases in local tube surface temperature. 
Hartley (1964), based on a theoretical analysis, suggested two criteria for the 
break-up of thin liquid layers flowing isothermally over solid surfaces. The first model 
was based on a force balance at the upstream stagnation point of a dry patch. The 
minimum wetting flow rate was given as 
1 
r = l69( ~ )'[0(1-Co.8,)]1 (E.l) 
where Be is the contact angle between the liquid and the wall. The above equation can be 
rewritten into: 
4r ( (J3)t 
-= 6.76 P 4 (l-cosB) 
Jl Jl g 
(E.2) 
The second model, based ona stability criterion of minimum energy, yields the 
minimum wetting flow rate as: 
(E.3) 
which can be rewritten as 
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4r =3.212(PcT)! 
J.l J.l4g 
(E.4) 
Both models show the dependence of the Reynolds number of film breakdown on the 
parameter pu3 / J.l4 g . 
The dependence of the film breakdown Reynolds number on p~ / J.l4 g was also 
proven by Moalem et al. (1980) and Rautenbach and Gebel (1989). Moalem et aZ. (1980) 
studied the break-up of thin films on inclined surfaces. The minimum wetting Reynolds 
number was found to be represented as power function of a nondimensional group of 
physical properties p~ / J.l4 g. Similar results were reported by Rautenbach and Gebel 
(1989) in a study of the minimum flow rates for wetting horizontal-tube evaporators used 
in desalination apparatus. Rautenbach and Gebel (1989) suggested that in the formation 
of liquid films, six dimensionless groups possibly governed the film stability and 
hydrodynamics: Re, p~ / J.l4g , contact angle, dimensionless tube spacing, and 
dimensionless surface roughness. Among them, Reynolds number and Kapitza number 
were found to be relevant to the film rupture. 
2. Wave Formation on Falling Films 
As pointed out in Chapter 4, Kapitza (See Kutateladze, 1963) predicted that 
capillary waves would form on the laminar layer surface when the film Reynolds number 
exceeded 
( J.l4gJ-rr Rerip = 2.43 p~ (E.5) 
In analyzing the wave formation on a liquid film flowing down a vertical surface, 
Carey (1992) found the increase of the amplitude of the fastest growing wavelength to be: 
(E.6) 
The above equation can be rewritten as: 
(E.7) 
An interesting phenomenon associated with the above equation is the existence of a 
quasi-critical value of Reynolds number above which the wave amplitude grows rapidly. 
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